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FOREWORD 


Dear Learner, 


We are very happy that you have joined NIOS and decided to become an Open and 
Distant Learner. 


NIOS has brought out its revised Senior Secondary Course material. This course 
has been designed in a modular format in the sense that the content is divided 
into different modules. These modules are made up of a number of lessons. The 
modules are self contained and you can pick up any of the modules first that interests 
you. However, we would like you to proceed as the modules have been arranged 
because there are references and cross references to other lessons. 


One of the main features of this course is the division of the modules into core and 
optional modules. The core modules are compulsory for all learners, but you can 
choose any one of the two optional modules. For example, in Geography, you can 
pick up either Local Area Planning or Tourism Geography; in Business Studies, you 
can study either Wage Employment in Business or Self Employment in Business. 
Each subject offers two optional modules. The idea is to allow you to study what 
interests you more even in one particular subject. This is something unique to the 
NIOS courses of study. You will not find such choice elsewhere. 


This course is revised on the lines of the guidelines contained in the National 
Curriculum Framework 2005. We have tried to make the material as activity based 
as possible. We believe that you learn more when you do something with your own 
hands rather than just passive reading. We have made efforts to keep the language 
of the study material simple to facilitate you to understand the content easily. 


The examples that we have chosen and used in the course material are from daily 
life to enable you to relate easily what is new to what you already know. Through 
the Self Learning Materials, we are trying to help you to construct your own knowledge 
so that you learn by understanding and not just by memorising everything. 


Another important feature of this learning material is integration of Adolescence 
Education issues with the learning content. Realising that development of life 
skills like self awareness, critical thinking, negotiation and communication skills 


ү important, we have used different opportunities to build desirable skills in the 
essons. 


The study materials developed by NIOS are self-learnin. 

é ‹ : g materials. You are supposed 
to read and work on your own. Unlike a textbook, you do not need a teaches to tell 
you what to do. 


With our good wishes, start studying, do what you are told to do, attempt all activities, 


answer the intext questions, check your answ i 
: ers from the answers giv 
each topic well and be a successful self learner. ES 


Chairman, NIOS 


A Word With You 


Dear Learner, 
Welcome! 


Keen observation, careful experimentation and single minded devotion have helped successive 

generations of researchers to accumulate vast treasure of Knowledge. As yougo to higher classes, you 
willappreciate that the method of sciences is characterised by objectivity, openness to change, innovation, 
self-correction and dynamism. It is therefore important in these formative years for you to learn 
science by doing: develop problem solving and experimenting skills to unfold unknown situations. 
To encourage this, we have included a number of exercises and activities. These can be performed by 
using readily available materials to get a feel of the physical principles in operation. This will also 
provide you an opportunity to reflect on how a scientist works. 


Physics has always been an exciting subject. But fundamental discoveries in rapid succession in the 
early half of the 20^ century brought in profound changes in our concepts of space, time, matter and 
energy. Another phenomenon characteristic of the previous century is the reduction in the time gap 
between anew discovery and its applications from a decade or so to a few years due to close linking of 
science and technology. Therefore, future development in knowledge society will heavily depend on 
the availability of well trained scientific human capital endowed with entrepreneurship capabilities. 
This should provide you enough motivation to study science, do well and participate in the process of 
sustainable growth and national development. 


The organisation of the course is generic. It is divided into eight core modules spread over 29 lessons. 

Out of two optional modules, which intend to develop professional competencies, you will be required 
to opt for any опе. You will get an opportunity to work in a physics laboratory and make precise 
measurements using sensitive instruments. This will alsogive you an opportunity to understand basic 

physical principles. 

As aself-learner, you would be required to demonstrate the ability, capacity and eagerness of Ekalavya. 
Your confidence in yourself and genuine interest in learning science should help you develop being an. 
independent learner with drive and initiative. Experience shows that interactive learning is more 
rewarding. So to ensure your active participation in teaching-learning as also to facilitate self- 
regulation and pacing, we have given questions in the body of each lesson. You must answer these. 


In curriculum design an effort has been made to put thematically coherent topics together for braviety 
and completeness. Although we have strived hard to ucidly explain various concepts, it is possible that 
you may still find some concepts/topics difficult to comprehend. You are therefore advised to make a 
note of your difficulties and discuss them in the counselling sessions as well as amongst peers. 


You will find some useful information on the life and works of leading physicists/scientists who have 
contributed to our vast pool of knowledge. It is sincerely hoped that their lives will inspire you as role 
models to contribute your best! 


Our best wishes are with you. 


‘ Curriculum Design and 
3 Course Development Team 


A Note From the Director 


Dear Learner, 


Welcome! 


The Academic Department at the National Institute of Open Schooling tries to 
bring you new programmes in accordance with your needs and requirements. After 
making a comprehensive study, we found that our curriculum is more functional, 
related to fife situations and simple. The task now was to make it more effective 
and useful for you. We invited leading educationists of the country and under 
their guidance, we have been able to revise and update the curriculum in the subject 
At the same time, we have also removed old, outdated information and added new, 
relevant things and tried to make the earning material attractive and appealing 
for you. 


I hope you will find the new material interesting and exciting with lots of activities 
to do. Any suggestions for further improvement are welcome. 


Let me wish you all a happy and successful future. 


Your learning material has been developed by 
learning. A consistent format has been developed for self-study. The following points will give 
you an idea on how to make best use of the print material. 


HOW FO USE THE STUD ip Ral 


ms 


a team of physics experts in open and distance 


Title is an advance organisor and conveys an idea about the contents of the lesson. 
Reflect on it. 


Introduction highlights the contents of the lesson and correlates it with your prior 
knowledge as well as the natural phenomena in operation in our immediate environment. 
Read it thoroughly. 


Objectives relate the contents to your desired achievements after you have learnt the 
lesson. Remember these. 


Content of the lesson has been divided into sections and sub-sections depending on 
thematic unity of concepts. Read the text carefully and make notes оп the side margin of 
the page. After completing each section, answer intext questions and solve numerical 
problems yourself. This will give you an opportunity to check your understanding. You 
should continue reading a section till such time that you gain mastery over it, 


At some places you will find some text in italics and bold, This indicates that it is important. 
You must learn them. 


Solved Examples will help you to understand the concepts and fix your ideas, In fact, 
problem solving is an integral part of training in physics. Do them yourself and note 
the main concept being taught through a particular example. 


Activities are simple experiments which you can perform at your home or work place 
using readily available (low cost) materials. These will help you to understand physics 
by doing. Do them yourself and correlate your findings with your observations, 


Intext questions are based on the concepts discussed in every section, Answer these 
questions yourself in the space given below the question and then check your answers 
with the model answers given at the end of the lessan. This will help you to judge your 
progress. If you are not satisfied with the quality and authenticity of your answers, turn 
the pages back and study the section again. : 


What you have learnt is essentially summary of the learning points for quick recapitulation, 
You may like to add more points in this list. 


Terminal exercises in the form of short, long and numerical questions will help you to 
develop a perspective of the subject, if you answer these meticulously. Discuss your 
responses with your peers or counsellors. 


Answers to intext questions : These will help you to know how correctly you have 
answered the intext questions. 


Audio: For understanding difficult or abstract concepts, audio programmes are available 
on certain content areas. You may listen to these on FM Gyanvani or may buy the CDs 
from Priced Publication Unit, NIOS 


Video: Video programmes on certain elements related to your subject have been made to 
clarify certain concepts. You may watch these at your study center or may purchase 
these CDs from Priced Publication Unit, NIOS. 


These are few selected websites that you can access for extended learning. 


Studying at a distance requires self-motivation, self-discipline and self-regulation. 
Therefore you must develop regular study habit. Drawing а daily schedule will help 
you in this endeavour, You should earmark a well-ventilated and well-lighted space in 
your home for your study. However, it should not be noisy or distract your concentration 
from your work. 


Overviewof the Learning Material `` 


Module - I 

Motion, Force and Energy 
Units, Dimensions and Vectors 
Motion ina straight line 
Laws of Motion 
Motion ina Plane 
Gravitation 
Work Energy and Power 
Motion of Rigid Body 


Module - II 
Mechanics of Solids and Fluids 
8. Elastic Properties of Solids 


Module - V 
Electricity and Magnetism 
15. Electric Charge and Electric Field 
16. Electric potential and Capacitors 
17. Electric Current 
18. Magnetism and Magnetic 
Effect of Electric Current 
19. Electromagnetic induction and 
Alternating Current 


Module - VI 

Optics and Optical Instruments 
20. Reflection and Refraction of Light 
21. Dispersion and Scattering of Light 
22. Wave Phenomena of Light 


Module - iXA 

Electronics and Communications 
30. Electronics in Daily Life 
31. Communication Systems 
32. Communication Technique and Devices 
33. Communication Media 


9. Properties of Fluids 


Module - ПІ 


Thermal Physics 
10. Kinetic Theory of Gases 
11. Thermodynamics 
12. Heat Transfer and Solar Energy 


Module - IV 
Oscillations and Waves 


13. Simple Harmonic Motion 
14. Wave Phenomena 


23. Optical Instruments 


Module - VII 
Atoms and Nuclei 
24. Structure of Atom 
25. Dual Nature of Radiation and Matter 
26. Nucleiand Radioactivity 
27. Nuclear Fission and Fusion 


Module - VIII 
Semiconductor 
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Module - IXB 
Photography and 
oae la 
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Name of the Lesson Page No. 


Module - I : Motion, Force and Energy 


|l. Units, Dimensions and Vectors 1 


2. Motion in a straight line 26 
3. Laws of Motion 47 
4. Motion ina Plane 72 
5. Gravitation 92 
6. | Work Energy and Power 120 
7. Motion of Rigid Body 151 


——————-—-————-————--— 


Modul - II : Mechanics of Solids and Fluids 
8. Elastic Properties of Solids 182 
9. Properties of Fluids 199 


а MM 


Module - III : Thermal Physics 


10. Kinetic Theory of Gases 237 
11. Thermodynamics 257 
12. Heat Transfer and Solar Energy 273 


ee 


Module - IV : Oscillations and Waves 
13. Simple Harmonic Motion 291 
14. Wave Phenomena 308 


T.M.A. I, II, HT 


MODULE - I 
MOTION, FORCE AND ENERGY 


Units, Dimensions and Vectors 
Motion ina straight line 
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Motion ina Plane 

Gravitation 

Work Energy and Power 
Motion of Rigid Body 
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UNITS, DIMENSIONS AND 
VECTORS 


УА science, particularly іп physics, we try to make measurements as precisely as possible. 
Several times in the history of science, precise measurements have led to new discoveries 
or important developments. Obviously, every measurement must be expressed in some 
units. For example, if you measure the length of your room, it is expressed in suitable units. 
Similarly, if you measure the interval between two events, it is expressed in some other 
units. The unit of a physical quantity is derived, by expressing it in base units fixed by 
international agreement. The idea of base units leads us to the concept of dimensions, 
which as we shall see, has important applications in physics. 


You will learn that physical quantities can generally be divided in two groups: scalars and 
vectors. Scalars have only magnitudes while vectors have both magnitude and direction. 
The mathematical operations with vectors are somewhat different from those which you 
have learnt so far and which apply to scalars. The concepts of vectors and scalars help us in 
understanding physics of different natural phenomena. You will experience it in this course. 


Objectives 


After studying this lesson, you should be able to: 


© distinguish between the fundamental and derived quantities and give their SI 
units; 


€ write the dimensions of various physical quantities; 


ә apply dimensional analysis to check the correctness of an equation and determine 
the dimensional nature of ‘unknown’ quantities; 


* differentiate between scalar and vector quantities and give examples of each: 
© add and subtract two vectors and resolve a vector into its components: and 


€ calculate ihe product of two vectors. 


i 
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1.1 Unit of Measurement 


The laws of physics are expressed in terms of physical quantities such as distance, speed, 
time, force, volume, electric current, etc. For measurement, each physical quantity is 
assigned a unit. For example, time could be measured in minutes, hours or days. But for 
the purpose of useful communication among different people, this unit must be compared 
with a standard unit acceptable to all. As another example, when we say that the distance 
between Mumbai and Kolkata is nearly 2000 kilometres, we have for comparison a basic 
unit in mind, called a kilometre. Some other units that you may be familiar with are a 
kilogram for mass and a second for time. It is essential that all agree on the standard units, 
so that when we say 100 kilometres, or 10 kilograms, or 10 hours, others understand what 
we mean by them. In science, international agreement on the basic units is absolutely essential; 
otherwise scientists in one part of the world would not understand the results of an investigation 
conducted in another part, 


Suppose you undertake an investigation on the solubility of a chemical in water. You weigh 
the chemical in tolas and measure the volume of water in cupfuls. You communicate the 
results of your investigation to a scientist friend in Japan. Would your friend understand 
your results? 


It is very unlikely that your friend would understand your results because he/she may not 
be familiar with tola and the cup used in your measerments, as they are not standard units. 


Do you now realize the need for agreed standards and units? 


Remember that in science, the results of an investigation are considered 


established only if they can be reproduced by investigations conducted elsewhere 
under identical conditions. 


Measurements in Indian Traditions 


Practices of systematic measurement are very old in India. The following quote from 
Manusmriti amply illustrates this point : 


"The king should examine the weights and balance every six months to ensure true 
measurements and to mark them with royal stamp." — Manusmriti, 8th Chapter, sloka—403. 


In Harappan Era, signs of Systematic use of measurement are found in abundance : 

Eee ee es dimensions in the ratio 4 :2 : 1 Ivory scale in 
al with smallest division of 1.70 mm, Hexahedral weights of 0.0 : 

5, 10,20,50, 100, 200ап 500 units (1 unit=20g) ^ S T 100240 12 

In Mauriyan Period, the following units of length were prevalent 

8 Parmanu = 1 Rajahkan 

8 Rajahkan = 1 Liksha 

8 Liksha = 1 Yookamadhya 

8 Yookamadhya = 1 Yavamadhya 

8 Yavamadhya =1 Angul 


8Angul = 1 Dhanurmushthi 


In Mughal Period, Shershah and Akbar tried to re-es 


measures. Akbar introduced gaz of 41 digi 
of land, bigha was the r ace 


tablish uniformity of weights and 


| 2 asuring length. F. i 
unit. 1 bigha was 60 gaz х 60 gaz. нм 


Units of mass and volume were also well obtained in Ayurveda, 
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1.1.1 The SI Units 


With the need of agreed units in mind, the 14th General Conference on Weights and 
Measures held in 1971, adopted seven base or fundamental units. These units form the 
SI system. The name SI is abbreviation for Systéme International d'Unités for the 
International System of units. The system is popularly known as the metric system. The SI 
units along with their symbols are given in Table 1.1. 


Table 1.1 : Base SI Units 


Length m 
Mass kilogram ^ kg 
Time second 5 
Electric Current ampere A 
Temperature kelvin K 
Luminous Intensity candela cd 
Amount of Substance mole mol 


The mile, yard and foot as units of length are still used for some purposes in India as well 
in some other countries. However, in scientific work we always use SI units. 


As may be noted, the SI system is a metric system. It is quite easy to handle because 
the smaller and larger units of the base units are always submultiples or multiples of 
ten. These multiples or submultiples are given special names. These are listed in 
Table 1.2. 


Table 1.2 : Prefixes for powers of ten 


Symbol 


Power of ten Prefix 


attometre 


femtometre Table 1.3 : Order of magnitude 


of some masses 


107% рісо р picofarad (pF) 
i pase : nanometre (т) 
а po н micron (um 
10° mill m milligram (mg) 
10? centi c centimetre (cm) 
10" deci d decimetre (dm) 
10! deca da decagram (dag) 
10 hecto h hectometre (hm) 
К. kilo k kilogram «p |f [Human being — 10 | 
d mega M megawatt (MW) 
10° giga G gigahertz (GH2) Lom 0 
10" tera T terahertz (THz) 
10" peta Р peta kilogram (Pkg) 

E exa kilogram (Ekg) 
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Just to get an idea of the masses and sizes of various objects in the universe, see Table 13 
and 1.4. Similarly, Table 1.5 gives you an idea of the time scales involved in the universe, 


1.1.2 Standards of Mass, Length and Time 


Once we have chosen to use the SI system of units, we | 
must decide on the set of standards against which these 
units will be measured. We define here standards of mass, 
length and time. 


Notes 


Table 1.4 : Order of magnitude 
of some lengths 

| Radius of walnut ^ ^  T07| 

Height of highest 

mountain 10* 


Radius of solar system 10” 
Distance to nearest star 10'% 
Radius of Milky Way 

galaxy 10?! 


Radius of visible universe 10% 


(i) Mass : The SI unit of mass is kilogram. The standard 
kilogram was established in 1887. It is the mass of a 
particular cylinder made of platinum-iridium alloy, 
which is an unusually stable alloy. The standard is kept in 
the International Bureau of Weights and Measures in Paris, 
France. The prototype kilograms made of the same alloy 
have been distributed to all countries the world over. For 
India, the national prototype is the kilogram no. 57. This is 
maintained by the National Physical Laboratory, New Delhi (Fig. 1.1). 


Fig. 1.1 : Prototype of kilogram 


(ii) Length : The SI unit of length is metre. It is defined in terms ofa natural phenomenon: 


One metre is defined as the distance travelled by light in vacuum in a time 
interval of 


1/299792458 second. 


This definition of metre is based on the adoption of the speed of light in vacuum as 
299792458 ms"! 


(iii) Time : One second is defined as the time required for a Cesium - 133 (!9Cs) 


atom to undergo 9192631770 vibrations between two hyperfine levels of its 
ground state. 


This definition of a second has helped in the development of a device called atomic 
clock (Fig. 1.2). The cesium clock maintained by the National Physical Laboratory 


(2estum/ tonic c 


eu 


Fig. 1.2: Atomic Clock 


Y ш ————————— —— 


(NPL) in India has an uncertainty of + 1 x 10-** s, which corresponds to an accuracy 
of one picosecond in a time interval of one second. 


\s of now, clock with an uncertainty of 5 parts in 10/5 have been developed. This means 
hat if this clock runs for 10'5 seconds, it will gain or lose less than 5 seconds. You can 
onvert 10'5s to years and get the astonishing result that this clock could run for 6 million 
ears and lose or gain less than a second. This is not all. Researches are being conducted 
oday to improve upon this accuracy constantly. Ultimately, we expect to have a clock 
vhich would run for 10'* second before it could gain or lose a second. To give you an idea 
f this technological achievement, if this clock were started at the time of the birth of the 
niverse, an event called the Big Bang, it would have lost or gained only two seconds till 
10W. 


Role of Precise Measurements in New Discoveries 


A classical example of the fact that precise measurements may lead to new 
discoveries are the experiments conducted by Lord Rayleigh to determine density of 


it s 
nitrogen Table 1.5 : Order of magnitude 


In one experiment, he passed the air bubbles through liquid ammonia over red hot of some time intervals 
copper contained in a tube and measured the density of pure nitrogen so obtained. In 
another experiment, he passed air directly over red hot copper and measured the 
density of pure nitrogen. The density of nitrogen obtained in second experiment was 
found to be 0.1% higher than that obtained in the first case. The experiment suggested 
that air has some other gas heavier than nitrogen present in it. Later he discovered 


this gas — Argon, and got Nobel Prize for this discovery. 


ime for light to cross 
nucleus 10? 
Period of visible light 10:5 
Period of microwaves 10° 


Another example is the failed experiment of Michelson and Morley. Using Michelson’s 
interferometer, they were expecting a shift of 0.4 fringe width in the interference 
pattern obtained by the superposition of light waves travelling in the direction of 
motion of the earth and those travelling in a transverse direction. The instrument was 
hundred times more sensitive to defect the shift than the expected shift. Thus they 
were expecting to measure the speed of earth with respect to ether and conglusively 
prove that ether existed. But when they detected no shift, the. world of science 
entered into long discussions to explain the negative results. This led to the concepts 
of length contraction, time dilation etc and ultimately to the theory of relativity. 


Period of the Earth's 
rotation (day) 10° 


Lifetime of a mountain 
range 


H . + i is 
Several discoveries in nuclear physics became possible due to the new technique of 10 


spectroscopy which enabled detection, with precision, of the traces of new atoms 
formed in a reaction. 


1.1.3. Derived Units 


We have so far defined three basic units for the measurement of mass, length and time. 
For many quantities, we need units which we get by combining the basic units. These units 
are called derived units. For example, combination of the units of length and time gives us 
the derived unit of speed or velocity, m s”. Another example is the interaction of the unit 
of length with itself. We get derived units of area and volume as т? and m', respectively. 


Now are would like you to list all the physical quantities that you are familiar with and the 
Units in which they are expressed. 


OS 
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Some derived units have been given special names. Examples of most common of such 
units are given in Table 1.6. 


Table 1.6 : Examples of derived units with special names 
Unit Symbol 


Force 


Pressure 
Energy/work 


Power 


One of the advantages of the SI system of units is that they form a coherent set in the 
sense that the product or division of the SI units gives a unit which is also the SI unit of 
some other derived quantity. For example, product of the SI units of force and length gives 
directly the SI unit of work, namely, newton-metre (Nm) which has been given a special 
name joule. Some care should be exercised in the order in which the units are 
written. For example, Nm should be written in this order. If by mistake we write it as mN, 
it becomes millinewton, which is something entirely different. 


Remember that in physics, a quantity must be written with correct units.| 
Otherwise, it is meaningless and, therefore, of no significance. 


[Example 1.1 : Anand, Rina and Kaif were asked by their teacher to measure the 
volume of water in a beaker. 

Anand wrote : 200; Rina wrote : 200 mL; Kaif wrote : 200 Lm 

Which one of these answers is correct? 


Solution : The first one has no units. Therefore, we do not know what it means. The third 
is also not eerrect because there is no unit like Lm. The second one is the only e 
answer. It denotes millilitre. 


Note that the mass of a book, for example, can be expressed in kg or g. You should not 
use gm for gram because the correct symbol is g and not gm. 


Nomenclature and Symbols 


(i) Symbols for units should not contain a full stop and should remain the same in the 
plural. For example, the length of a pencil should be expressed as 7cm and not 
7cm. or 7ems. 


(ii) Double prefixes should be avoided when single prefixes are available, e.g., 


for nanosecond, we should write ns and not mus; for pico farad we write pF and 
not puf. 


(iii) When a prefix is placed before the symbol of a unit, the combination of prefix 
and symbol should be considered as one symbol, which can be raised to a positive 
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or a negative power without using brackets, e.g., us~, cm?, mA?, 


из”! = (1075s) (and not 10-571) 
(iv) Do not write cm/s/s for cm s?. Similarly 1 poise = 1 g s'cm and not 1 g/s/cm. 


"| (v) When writing a unit in full in a sentence, the word should be spelt with the letter : 
in lower case and not capital, e.g., 6 hertz and not 6 Hertz. c 


(vi) For convenience in reading of large numbers, the digits should be written in groups 
of three starting from the right but no comma should be used: 1 532; 1 568 320. 


Albert Abraham Michelson 
(1852-1931) 


German-American Physicst, inventor and experimenter devised 
Michelson’s interferometer with the help of which, in association 
with Morley, he tried to detect the motion of earth with respect to 
ether but failed. However, the failed experiment stirred the 
scientific world to reconsider all old theories and led to a new world of physics. 


He developed a technique for increasing the resolving power of telescopes by adding 
external mirrors. Through his stellar interferometer along with 100" Hookes telescope, 
he made some precise measurements about stars. 


Now, it is time to check your progress. Solve the following questions. In case you have 
any problem, check answers given at the end of the lesson. 


LO test Questions 1.1 | 


l. The mass of the sun is 2 x 10% kg. The mass of a proton is 2 x 107? kg. If the sun was 
made only of protons, calculate the number of protons in the sun? 


Earlier the wavelength of light was expressed in angstroms. One angstrom equals 
10* cm. Now the wavelength is expressed in nanometers. How many angstroms 
make one nanometre? 
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1.2 Dimensions of Physical Quantities 


Most physical quantities you would come across in this course can be expressed in terms 
of five basic dimensions : mass (M), length (L), time (T), electrical current (1) and 
temperature (Ө). Since all quantities in mechanics can be expressed in terms of mass, 
length and time, it is sufficient for our present purpose to deal with only these three 
dit ensions. Following examples show how dimensions of the physical quantities are 
combinations of the powers of M, L and T : 


(i) Volume requires 3 measurements in length. So it has 3 dimensions in length (L?). 
(ii) Density is mass divided by volume. Its dimensional formula is ML>. 


(iii) Speed is distance travelled in unit time or length divided by time. Its dimensional 
formula is LT". 


(iv) Acceleration is change in velocity per unit time, i.e., length per unit time per unit 
| time. Its dimensionsal formula is LT. 


(v) Force is mass multiplied by acceleration. Its dimensions are given by the formula 
МІТ. 


Similar considerations enable us to write dimensions of other physical quantities. 


Note that numbers associated with physical quantities have no significance in dimensional 
considerations. Thus if dimension of x is L, then dimension of 3x will also be L. 


Write down the dimensions of momentum, which is product of mass and velocity and 
work which is product of force and displacement. 


Remember that dimensions are not the same as the units. For example, speed can 
be measured in ms“! or kilometre per hour, but its dimensions are always given by length 
divided by time, or simply LT. 


Dimensional analysis is the process of checking the dimensions of a quantity, or a 
combination of quantities. One of the important principles of dimensional analysis is that 
each physical quantity on the two side of an equation must have the same 
dimensions. Thus if x = p + q, then p and q will have the same dimensions as x. This 
helps us in checking the accuracy of equations, or getting the dimensions of a quantity 
using an equation. The following examples illustrate the use of dimensional analysis. 


[Example 1.2 : You know that the kinetic energy of a particle of mass m is i mv’ while 


its potential energy is mgh, where vis the velocity of the particle, ^ is its height from the 
ground and g is the acceleration due to gravity. Since the two expressions represent the 
same physical quantity i.e, energy, their dimensions must be the same. Let us prove this 
by actually writing the dimensions of the two expressions. 


1 
Solution : The dimensions of 2 тї? are M.(LT?y, or ML?T2, (Remember that the 
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numerical factors have no dimensions.) The dimensions of mgh are M.LT-.L, or (Motion, Force and Energy 
ML?T~. Clearly, the two expressions are the same and hence represent the same physical 


quantity. L1] 


Let us take another example to find an expression for a physical quantity in terms of other 
quantities. 


[Example 1.3 : Experience tells us that the distance covered by a car, say x, starting 
from rest and having uniform acceleration depends on time / and acceleration a. Let us 
use dimensional analysis to find expression for the distance covered. 


Solution : Suppose x depends on the mth power of t and nth power of a. Then we may 
write 
xo ta" 
Expressing the two sides now in terms of dimensions, we get 
Lice Te (LBA) 
or, 
Doc Tuas Ch 
Comparing the powers of L and T on both sides, you will easily get л = 1, and m = 2. 
Hence, we have 
хо Pa, or xc af. 


This is as far as we can go with dimensional analysis. It does not help us in getting the 
numerical factors, since they have no dimensions. To get the numerical factors, we have 
to get input from experiment or theory. In this particular case, of course, we know that 
the complete relation is x = (1/2)a£. 

Besides numerical factors, other quantities which do not have dimensions are 
angles and arguments of trigonometric functions (sine, cosine, etc), exponential 
and logarithmic functions. In sin x, x is said to be the argument of sine function. In е", x 
is said to be the argument of the exponential function. 


Now take a pause and attempt the following questions to check your progress. 


Qr mE 


l. Experiments with a simple pendulum show that its time period depends on its length (/) 
and the acceleration due to gravity (g). Use dimensional analysis to obtain the 
dependence of the time period on / and g . 


2. Considera particle moving in a circular orbit of radius r with velocity vand acceleration 
a towards the centre of the orbit. Using dimensional analysis, show that a oc v/r . 


You are given an equation: mv = Ft, where m is mass, U is speed, F is force and is 
time, Check the equation for dimensional correctness. 
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1.3 Vectors and Scalars 


1.3.1 Scalar and Vector Quantities 

In physics we classify physical quantities in two categories. In one case, we need only to 
state their magnitude with proper units and that gives their complete description. Take, for 
example, mass. If we say that the mass of a ball is 50 g, we do not have to add anything to 
the description of mass. Similarly, the statement that the density of water is 1000 kg m” is 
a complete description of density. Such quantities are called scalars. A scalar quantity 
has only magnitude; no direction. 


On the other hand, there are quantities which require both magnitude and direction for 
their complete description. A simple example is velocity. The statement that the velocity 
of a train is 100 km h" does not make much sense unless we also tell the direction in 
which the train is moving. Force is another such quantity. We must specify not only the 
magnitude of the force but also the direction in which the force is applied. Such quantities 
are called vectors. A vector quantity has both magnitude and direction. 


Some examples of vector quantities which 
you come across in mechanics are: 
displacement (Fig. 1.3), acceleration, 
momentum, angular momentum and torque 
etc, 


Displacement 


Vector 
D E 


Actual path of What about energy? Is it a scalar or a vector? 
aparticle 
Fig.1.3 : Displacement vector ; To get the answer, think if there is a direction 
associated with energy. If not, it is a scalar. 
B 


1.3.2 Representation of Vectors 


' A vector is represented by a line with an arrow 


о 


А ; indicating its direction. Take vector AB in Fig. 1.4. 

Е The length of the line represents its magnitude оп 

(o xoa Some scale. The arrow indicates its direction. 

E Vector CD is a vector in the same direction but its 
Fila Dedi magnitude is smaller. Vector EF is a vector whose 
ае magnitude is the same as that of vector CD, but its 


ee ч у direction is different, In any vector, the initial point, 
(point A in AB), is called the tail of the vector and the final point, (point B in AB) with the 
arrow mark is called its tip (or head). 


A vector is written with an arrow over the letter Tepresenting the vector, for example, A. 


The magnitude of vector A is simply A or [А |. In print, a vector is indicated by a bold 
letter as A. 


Two vectors are said to be equal if their magnitudes are equal and they point in the same 

direction. This means that all vectors which are parallel to each other have the same 

magnitude and point in the same direction are equal. Three vectors A, B and C shown in 
| Fig. 1.5 are equal. We say A= B = C. But D is not equal to A. 
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A vector (here D) which has the same Motion, Force and Energy 
magnitude as A but has opposite A 


direction, is called negative of A, or SS Seay 


-A. Thus, D = -A. SEO URP: 
і : С 
For respresenting a physical vector AB у . 


| quantitatively, we have to invariably 
choose a proportionality scale. For ig. 1.5: Three vectors are equal but fourth 
instance, the vector displacement vector Dis not equal. 
between Delhi and Agra, which is about 
300 km, is represented by choosing a scale 100 кт = 1 cm, say. Similarly, we can represent 
a force of 30 N by a vector of length 3cm by choosing a scale 10N = Icm. 


From the above we can say that if we translate a vector parallel to itself, it remains 
unchanged. This important result is used in addition of vectors. Let us sec how. 


11.3.3 Addition of Vectors 


You should remember that only vectors of the same kind can be added. For example, 
two forces or two velocities can be added. But a force and a velocity cannot be added. 


| Suppose we wish to add vectors A and B. First redraw vector A [Fig. 1.6 (a)]. For this 
‘draw a line (say pq) parallel to vector A. The length of the line i.e. pq should be equal to 
the magnitude of the vector. Next draw vector B such that its tail coincides with the tip of 
; Vector A. For this, draw a line qr from the tip of A (i.e., from the point q ) parallel to the 
direction of vector B. The sum of two vectors then is the vector from the tail of A to the 
tip of B, i.e. the resultant will be represented in magnitude and direction by line pr. You 


Fig. 1.6 : Addition of vectors Aand B 


E easily prove that vector addition is commutative. That is, A + B = B + A, as 
ма nin Fig, 1.6 (b). In Fig. 1.6(b) we observe that pgr is a triangle and its two sides pg 
hid E ey represent the vectors A and B in magnitude and direction, and the 
E € pr, of the triangle represents the resultant vector with its direction from p to r. 
Blves us a rule for finding the resultant of two vectors : 


E ‘Vectors’ are represented in magnitude and direction by the two sides 
" ^ triangle taken in order, the resultant is represented by the third side of 
* triangle taken in the opposite order. This is called triangle law cf vectors. 


resultant of A and B. What will be the resultant of three forces sting alone the three 5 
of a triangle in the same order? If you think that it is zero, you аге right. 


Let us now learn to calculate resultant of more thi 


Cc two vectors. 


The resultant of more than two vectors, say A 
and C, can be found in the same manner as the. 
of two vectors. First we obtain the sum of A anc 
and then add the resultant of the two vectors; ( 
B), to C. Alternatively, you could add B and С, 
then add A to (B + C) (Fig. 1.7). In both cases 
get the same vector. Thus, vector additiom 
associative. That is, A+ (B + C) = (А + В) * C 


If you add more than three vectors, you will discove 
that the resultant vector is the vector from 
tail of the first vector to the tip of the last v 


Fig.1.7 : Addition of three vectors 
in two different orders 


Many a time, the point of application of vectors is the same. In such situations, it is mot 
convenient to use parallelogram law of vector addition. Let us now learn about it. 


1.3.4 Parallelogram Law of Vector Addition 


Let A and B be the two vectors and let 0 be the angle between them as shown in Fig. 
To calculate the vector sum, we complete the parallelogram. Here side PQ repres 
vector A, side PS represents B and the diagonal PR represents the resultant vectoi 
Can you recognize that the diagonal PR is the sum vector A+ B? It is called the result 
of vectors A and B. The resultant makes an angle œ with the direction of vecto 
Remember that vectors РО and SR are equal to A, and vectors PS and QR are equal, 
В. To get the magnitude of the resultant vector R, drop a perpendicular RT as show! 
Then in terms of magnitudes 


Fig. 1.8 : Parallelogram law of addition of vectors 


(РК)? = (PTY + (КТ) 
= (PQ + QTY + (RTP 


> tors 
= (PQP + (ОТ) + 2PQ.QT + (КТ) 
= (РОЈ + (QTY + (RT] + 2PQ.QT (1.1) 
= (PQ) + (ОК)? + 2PQ.QT 
= (PQ)? + (ОК)? + 2PQ.QR (QT / QR) 
R? =A? + B? + 2AB.cos0 
Therefore, the magnitude of R is 
|R| = Ja? +B? +2AB.cos® (1.2) 
For the direction of the vector R, we observe that 


RT __ RT __Bsin® 
PT PQ+QT А +ВсоѕӨ 


(1.3) 


tana — 


So, the direction of the resultant can be expressed in terms of the angle it makes with | 
base vector. 


Special Cases 


Now, let us consider as to what would be the resultant of two vectors when they are 
parallel? 


To find answer to this question, note that the angle between thetwo parallel vectors is zero 
and the resultant is equal to the sum of their magnitudes and in the direction of these 
vectors. 


Suppose that two vectors are perpendicular to each other. What would be the magnitude 
of the resultant? In this case, 0 = 90? and cos 0 = 0. 


Suppose further that their magnitudes are equal. What would be the direction of the 
resultant? 


Notice that tan о = B/A = 1. So what is o? 


Also note that when Ө = п, the vectors become anti-parallel. In this case œ = 0. The 
resultant vector will be along A or B, depending upon which of these vectors has larger 
magnitude. 


[Example 1.4 A cart is being pulled by Ahmed north-ward with a force of magnitude 
70N. Hamid is pulling the same cart in the south-west direction with a force of magnitude 
50 N. Calculate the magnitude and direction of the resulting force on the cart. 


Solution : 
Here, magnitude of first force, say, A= 70 N. 
The magnitude of the second force, say, B — 50 N. 


Angle 0 between the two forces = 135 degrees. 
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Totion, Force and Energy] So, the magnitude of the resultant is given by Eqn. (1.2): 


R= (70)? + G0)? 4-2x 70x 50x cos(135) 
= 44900 + 2500 - 7000 x sin45 
=49.5N 


The magnitude of R = 49.5 N. 
The direction is given by Eqn. (1.3): 


Fig. 1.9: Resultant of forces 
inclined at an angle 


В sin8 50xsin (135) 50x cos 45 
tan a= А *Bcosü ~ 70+ 50 cos (135) 70505145 ^ 


1.00 


Therefore, a = 45.0? (from the tables). Thus R makes an angle of 45° with 70 N force. | 
That is, R is in North-west direction as shown in Fig. 1.9. 


1.3.5 Subtraction of Vectors 


Rr How do we subtract one vector from another? 
D If you recall that the difference of two vectors, 
2 A- B, is actually equal to A + (-B), then you 
AQ can adopt the same method as for addition of 
two vectors. It is explained in Fig. 1.10. Draw 
ix -B vector -B from the tip of A. Join the tail of A 
with the tip of -B. The resulting vector is the 

P . difference (А – B). 


О A-B 
Fig. 1.10: Subtraction of vector B 
from vector A 


You may now like to check your progress. 


Intext Questions 1.3 


Given vectors —— — s and A 
A 


1. Make diagrams to show how to find the following vectors: 
(a) В -А, (b) A + 2B, (c) A — 2B and (d) B — 2A. 


2. Two vectors A and B of magnitudes 10 units and 12 units are anti-parallel, Determine 
A+ B and A – B. 


3. Two vectors A and B of magnitudes A — 30 units and B — 60 units respectively are 
inclined to each other at angle of 60 degrees. Find the resultant vector. 
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14 Multiplication of Vectors 


1.4.1 Multiplication of a Vector by a Scalar 


If we multiply a vector A by a scalar К, the 
product is a vector whose magnitude is the 
absolute value of k times the magnitude of 
A. This means that the magnitude of the B 
resultant vector is k |A|. The direction of 
the new vector remains unchanged if & is 


positive. If k is negative, the direction of A [] 
the new vector is opposite to its original A 
direction. For example, vector 3A is thrice Fig. 1.11: Projection of Bon A 


the magnitudé of vector A, and it is in the 
same direction as A. But vector —3A is in a direction opposite to vector A, although its 
magnitude is thrice that of vector A. 


1.4.2 Scalar Product of Vectors 


The scalar product of two vectors A and B is written as A.B and is equal to AB cos, 
Where 0 is the angle between the vectors. If you look carefully at Fig. 1.11, you would 
notice that В cosO is the projection of vector B along vector A. Therefore, the scalar 
product of A and B is the product of magnitude of A with the length of the projection of B 
along A. Another thing to note is that even if we take the angle between the two vectors 
as 360 — 0, it does not matter because the cosine of both angles is the same. Since a dot 
between the two vectors indicates the scalar product, it is also called the dot product. 
Remember that the scalar product of two vectors is a scalar quantity. 


A familiar example of the scalar product is the work done when a force Е acts on a body 
moving at an angle to the direction ofthe force. If d is the displacement of the body and Ө 
is the angle between F and d, then the work done by the force is Fdcos6. 


Since dot product is a scalar, it is commutative: A.B = B.A = ABcosó. It is also distributive: 
A(B + C) = A.B + А.С. 


1.4.3 Vector Product of Vectors 


Suppose we have two vectors A and B inclined at an angle 0. We can draw a plane which 
Contains these two vectors. Let that plane be called О ( (Fig. 1.12 a) which is perpendicular 
to the plane of paper here. Then the vector product of these vectors, written as A x B, is 
a vector, say C, whose magnitude is AB ѕіп and whose direction is perpendicular to the 
Plane Q. The direction of the vector C can be found by right-hand rule (Fig. 1.12 b). 
Imagine the fingers of your right hand curling from A to B along the smaller angle between 
them. Then the direction of the thumb gives the direction of the product vector C. If you 
follow this rule, you can easily see that direction of vector B x A is opposite to that of the 
vector A x B. This means that the vector product is not commutative. Since a cross 
15 inserted between the two vectors to indicate their vector product, the vector product is 
also called the cross product. 


— a a 
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Fig.1.12 (а): Vector product of Vectors; (b) Direction of the product vector C =A x B is given 
by the right hand rule. If the right hand is held so that the curling fingers point 
from A to B through the smaller angle between the two, then the thumb streciched 
at right angles to fingers will point in the direction of C. 


A familiar example of vector product is the angular momentum possessed by a rotating 
body. 


To check your progress, try the following questions. 


ү; 


Suppose vector A is parallel to vector В. What is their vector product? What will be 
the vector product if B is anti-parallel to A? 


1 
Suppose we have a vector A and a vector C = a B. How is the direction of vector A ^ 
x B related to the direction of vector A x C. 


Suppose vectors A and B are rotated in the plane which contains them. What happens 
to the direction of vector C =A x B. 4 


Suppose you were free to rotate vectors A and B through arbitrary amounts keeping 


them confined to the same plane. Can you make vector C = A x B to point in exactly 
opposite direction? 


If vector A is along the x-axis and vector B is along the y-axis, what is the direction of 
vector C = A x B? What happens to C if A is along the y-axis and B is along the : 
x-axis? $ 
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1.5 Resolution of Vectors 


Resolution of vectors is converse of addition of vectors. Here we calculate components of 
agiven vector along any set of coordinate axes. Suppose we have vector A as shown in 
Fig. 1.13 and we need to find its components along x and y-axes. Let these components 
be called A, and A, respectively. Simple trigonometry shows that 


A, =Acos 6 (1.4) 
and AJ SEN sin Ө, (1.5) 


where 0 is the angle that A makes with the x - axis. What about the components of vector 
A along X and Y-axes (Fig. 1.13)? If the angle between the X-axis and A is ф, then 


A, =Acos > 


Fig. 1.13 : Resolution of vector A along two sets of coordinates (x, y) and (X, Y) 
and A, =Азіпф. 


It must now be clear that the components of a vector are not fixed quantities; they depend 
on the particular set of axes along which components are required. Note also that the 
Magnitude of vector A and its direction in terms of its components are given by 


A =A} +A; = МА + Ау (1.6) 


tang =A,/A,  tang=Ay/Ay. (1.7) 


and 


So, if we are given the components of a vector, we can combine them as in these equations 
to get the vector. 


At this stage we introduce the concept of a unit vector. As the name suggests, a unit 
Vector has unitary magnitude and has a specified direction. It has no units and no dimensions. 


As an example, we can write vector A as A n where a cap on n (i.e. ñ) denotes a unit 
Vector in the direction of A. Notice that a unit vector has been introduced to take care of 


oe BRL 
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Motion, Force and Energy the direction of the vector; the magnitude has been taken care of by A. Of particular 
importance are the unit vectors along coordinate axes. Unit vector along x-axis is denoted 


by j, along y-axis by j and along z-axis by k. Using this notation, vector A, whose 
components along x and y axes are respectively A, and A,, can be written as 


А =A j+A,j. (1.8) 
Another vector B can similarly be written as 
B=B.j+Bj. (1.9) 
The sum of these two vectors can now be written as 
A+B -(A, *B)j * (4, * B) j (1.10) 
By the rules of scalar product you can show that 
i. i=1, j.j=1, k.k=1, î.ĵ=0, î.k=0, and j.k-0 (1.11) 
The dot product between two vectors A and B can now be written as 
А.В -(A, i +A, j (B, i * B, j) 
=AB,(î. D* AB, G- D*AB.G- D*AB,G. 1) 
=АВ,+АВ,, (1.12) 
Here, we have used the results contained in Eqn. (1.11). 


[Example 1.4 On a coordinate system (showing all 
the four quadrants) show the following vectors: 


A741 *0j,B-20i 4 5] ,C- 4i * 5j, 
D - 6i - 4j. 


Find their magnitudes and directions. 


Solution : The vectors are given in component form. 


The factor multiplying i is the x component and the 


Fig. 1.14 


factor multiplying j is the y component. All the vectors 
are shown on the coordinate grid (Fig. 1.14). 


The components of A are А = 4, A, = 0. So, the magnitude of A = 4. Its direction is 


A 
-1 à Ды (+ = " CRT 
tan (= | in accordance with Eqn. (1.7). This quantity is zero, since A, = 0. This makes 


x 


it to be along the x-axis, as it is. Vector B has x-com 
and its magnitude is 5. 


О ewes аа ааа 


ponent = 0, so it lies along the y-axis 


кесш MODULE - 1 
Let us consider vector С. Here, C, = 4 and C, = 5. Therefore, the magnitude of С is Motion, Force and Energ, 
С = J4? +5? a]. The angle that it makes with the x-axis is tan (С, /С,) = 513 
degrees. Similarly, the magnitude of D is D = ./60 . Its direction is tan (D/D) - tan: | 
(0.666) = —33.7° (in the fourth quadrant). 
= 1.5 Calculate the product C . D for the vectors given in Example 1.4. 
Solution : The dot product of C with D can be found using Eqn. (1.12): 

C.D-C,D, + CD, = 4x6 + 5x(-4) = 24 —20 - 4. 


The cross product of two vectors can also be written in terms of the unit vectors. For this 
we first need the cross product of unit vectors. For this remember that the angle between 


the unit vectors is a right angle. Consider, for example, i x] . Sine of the angle between 
them is one. The magnitude of the product vector is also 1. Its direction is perpendicular to 


the xy - plarie containing i and j , which is the z-axis. By the right hand rule, we also find 
that this must be the positive z-axis. And what is the unit vector in the positive 


z-direction. The unit vector К. Therefore, 


іхј =. (1.13) 
Using similar arguments, we сап show, 

jxk=i,kxi=j,jxf=-k, kx j=-i,ixk=-j, (1.14) 
and 

ixisjxj=kxk=0. (49) | 


[Example 1.6 Calculate the cross product of vectors C and D given in Example (1.4). 
Solution : We have 
CxD-(4i45])x(61-41) 
-24 (i x 1)-16(i x )) 4300 x 020 ( x D 
Using the results contained in Eqns. (1.13 — 1.15), we can write 


CxD --16 k -30 k =-46 К 2, 
So, the cross product of С and D is а vector of magnitude 46 and in ће negative 2 
direction. Since C and D are in the xy-plane, it is obvious that the cross product must be 
Perpendicular to this plane, that is, it must be in the z-direction. 


LO Inte Questions 1.5 | 


l. Avector A makes an angle of 60 degrees with the x-axis of the xy-system of coordinates. 
If its magnitude is 50 units, find its components in x, y directions. If another vector B 
of the same magnitude makes an angle of 30 degrees with the X-axis of the XY- 
System of coordinates. Find its components now. Are they same as before? 


Two vectors A and B are given respectively as 3 i= 4j and -2 i+ 6] . Sketch 
them on the coordinate grid. Find their magnitudes and the angles that they make with 
the x-axis (see Fig. 1.14). 


You now know that each term in an equation must have the same dimensions. Having 
learnt vectors, we must now add this: For an equation to be correct, each term in it 
must have the same character: either all of them be vectors or all of them be 
scalars. j 
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What You Have Learnt 


e Every physical quantity must be measured in some unit and also expressed in this 

unit. The SI system has been accepted and followed universally for scientific 

reporting. 

e Ваѕе SI units for mass, length and time are respectively kg, m and s. In addition to 
base units, there are derived units. 

e Every physical quantity has dimensions. Dimensional analysis is a useful tool for 
checking correctness of equations. 


e In physics, we deal generally with two kinds of quantities, scalars and vectors. A 
scalar has only magnitude. A vector has both direction and magnitude. 

e Vectors are added according to the parallelogram rule. 

e  Thescalar product of two vectors is a scalar. 


e  Thevector product of two vectors is a vector perpendicular to the plane containing 
the two vectors. 


e Vectors can be resolved into components along a specified set of coordinates axes. 


Аал: | 


1. Аипїїизей for measuring very large distances is called a light year. It is the distance 


covered by light in one year. Express light year in metres. Take speed of light as 
3 x 10% m s~. 


2. Meteors are small pieces of rock which enter the earth’s atmosphere occasionally 
at very high speeds. Because of friction caused by the atmosphere, they become 
very hot and emit radiations for a very short time before they get completely burnt. 
The streak of light that is seen as a result is called a ‘shooting star’. The speed of a 


meteor is 51 kms" In comparison, speed of sound in air at about 20°C is 340 т! 
Find the ratio of magnitudes of the two speeds. 


бер. The distance covered by a particle in time ¢ while starting with the initial velocity и 
and moving with a uniform acceleration a is given by s = ut + (1/2)at®. Check the 


bh = 


? 
| 
z 
я 
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correctness of the expression using dimensional analysis. 


4. Newton's law of gravitation states that the magnitude of force between two particles 
of mass m, and m, separated by a distance r is given by 


mm, 


pA er 


where G is the universal constant of gravitation. Find the dimensions of G. 
5. Hamida is pushing a table in a certain direction with a force of magnitude 10 N. At 
the same time her, classmate Lila is pushing the same table with a force of magnitude 
8 N ina direction making an angle of 60° to the direction in which Hamida is pushing. 
Calculate the magnitude of the resultant force on the table and its direction. 
6. A physical quantity is obtained as a dot product of two vector quantities. Is ita scalar 
or a vector? What is the nature of a physical quantity obtained as cross product of 
two vectors? 
7. John wants to pull a cart applying a force parallel to the ground. His friend Ramu 
suggests that it would be easier to pull the cart by applying a force at an angle of 30 
degrees to the ground. Who is correct and why? 


8. Two vectors are given by 5 1-3 j and3 i -5 j . Calculate their scalar and vector 
products. 


Answers to Intext Questions 


l. Mass of the sun = 2 x 10°° kg 
Mass of a proton = 2 x 10” kg 
(No of protons in the sun = DE z107, 
2. 1 angstrom = 10% cm = 107? m 
1 nanometer (nm) = 10? m 
1 nm/1 angstrom = 10? m /10-'9 т = 10 so 1 пт = 10 А 
3. 1370 kHz= 1370 x 10 Hz= (1370 x 10° )/10° GHz = 1.370 x 10? GHz 
4. 1 decameter (dam) = 10 m 


1 decimeter (dm) = 10-! m 


1 dam = 100 dm 
1 MW = 10° W 
1GW=10°W 


1 GW = 10 MW 


Dimension of length =L 

Dimension of time = T 

Dimensions of g = LT? 

Let time period t be proportional to /* and g? 

Then, writing dimensions on both sides T = L* (LT?) = Ге T? 
Equating powers of L and T, 

а+В = 0, 2B =—1 > В =-1/2 and a = 1/2 


at di 
So, taj . 
8 


2. Dimension of a= LT? 
Dimension of v= LT"! 
Dimension of r= L 

Let a be proportional to 17 and r° 
Then dimensionstiy, 

LT? = (LT I^ = L*? Та 
Equeting powers of L and T, 
a+B=1,0=2,>a=-1 

So, a « wir 

3. Dimensions of mv = MLT”? 
Dimensions of Ft = МІТ? T! = МІТ! 


Dimensions of both the sides аге the same, therefore, the equation is dimensionally 
correct. 


1.3 
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A B 
2 ” > < Г) 
10 units 12 units 
: B= -12 units 
А - 10 units 
A+B =10+(-12) 
= —2 units 
also 
A 7 10 units -B = + 12 units 
A - В =22 units 
d: 
A= 30 units 
| A * B| 7 77 units 
1.4 
l. IfAandB are parallel, the angle 0 between them is zero. So, their cross product 
Ax B - AB sin0 =0. 
If they are antiparallel then the angle between them is 180°. Therefore, 
A x B = AB sin 0 = 0, because sin 180? = 0. 
2. 


If magnitude of B is halved, but it remains in the same plane as before, then the 
direction of the vector product C = A x B remains unchanged. Its magnitude may 
change. 
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Motion, Force and Energy] 3. Since vectors A and B rotate without change in the plane containing them, the direction 
of C =A x B will not change. 


Suppose initially the angle between A and B is between zero and 180°. Then C = A 
x B will be directed upward perpendicular to the plane. After rotation through arbitrary 
amounts, if the angle between them becomes > 180°, then C will drop underneath 
but perpendicular to the plane. 


If A is along x-axis and B is along y-axis, then they are both in the xy plane. The 
vector product C — A x B will be along z-direction. If A is along y-axis and B is along 
x-axis, then C is along the negative z-axis. 


(a) A. B = |A] [В| cos Ө = 0 when Ө = 90° 
(b) A x B = |A] |B| sin 6 = |A] [В| as sin Ө = 1 at 0 = 90° 


When A makes an angle of 60? with the x-axis: 
A, = А cos 60 = 50 . 2 = 25 units 
A, =A sin 60 = 50.3/2 = 50 . 0.866 
—43.3 units 
When A makes an angle of 30? with the x-axis 
A, = 50 cos 30 = 50. 0.866 = 43.3 units 
A, 750 sin 30-50 . = 25 units 
The components in the two cases are obviously not the same. 
The position of vectors on the coordinate grid is shown in Fig. 1.14. 
Suppose A makes an angle 0 with the x-axis, then 
tano =—4/3 = Ө = tan(- 4/3) 
= —53° 6' or 306° 54’ 
after taking account of the quadrant in which the angle lies. 
If B makes an angle with the x-axis, then 
tan ф = 6/-2 = -3 => ф = tan'(-3) 
= 108° 24' 
The dot product of A and В: 


A.B - Qi - 4j). C2i +63) 

= -&i.1) - 24.1) - -30 
because ij - ji = 0, and ii- ii =] 
The cross product of A and B: 


AxB=(@i-4i)x(2i+6i). 


=18(ix J)+8() x i)=18K-8K=10k 


a ee 


on using Eqs.(1.14) and (1.15). So, the cross product is in the direction of z-axis, 
since A and B lie in the xy plane. 


Answers to Terminal Problems 
1. 1ly=9.4673 х 10'5 m. 


Speed of meteor EIE ES 
2. Speed of sound in air of 20°C 340 20 


1 
5. 15.84 N and a. = tan" (5) 
8 A.B=30 


AxB= (5 i-3 i) x (3 i-5 i) is a single vector C such that |C] = 16 units along 


negative z-direction. 
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2 
MOTION IN ASTRAIGHT LINE 


We see a number of things moving around us. Humans, animals, vehicles can be seen 
moving on land. Fish, frogs and other aquatic animals move in water. Birds and aeroplanes 
move in air. Though we do not feel it, the earth on which we live also revolves around the 
sun as well as its own axis. It is, therefore, quite apparent that we live in a world that is 
very much in constant motion. Therefore to understand the physical world around us, the 
study of motion is essential. Motion can be in a straight line(1D), in a planc(2D) or in 
space(3D). If the motion ofthe object is only in one direction, it is said to be the motion in 
astraight line. For example, motion of a car on a straight road, motion ofa train on straight 
rails, motion of a freely falling body, motion ofa lift, and motion of an athlete running on a 
straight track, etc. 


Inthis lesson you will learn about motion in z straight line. In the following lessons, you will 
study the laws of motion, motion in plane and other types of motion. 


After studying this lesson, you should be able to, 


e distinguish between distance and displacement, and speed and velocity; 
ө explain the terms instantaneous velocity, relative velocity and average velocity; 


e define acceleration and instantaneous acceleration; 


e interpret position - time and velocity - time graphs for uniform as well as non- 
uniform motion; 


ө derive equations of motion with constant acceleration; and 


ө describe motion under gravity; and 
€ solve numericals based on equations of motion. 


2.1 Speed and 


locity 


We know that the total length of the path covered by a body is the distance travelled by 
it. But the difference between the initial and final position vectors of a body is called its 
displacement. Basically, displacement is the shortest distance between the two 
positions and has a certain direction. Thus, the displacement is a vector quantity but 


» ш 


distance is a scalar. You might have also learnt that the rate of change of distance with 
time is called speed but the rate of change of displacement is known as velocity. Unlike 
speed, velocity is a vector quantity. For 1-D motion, the directional aspect of the vector is 
taken care of by putting + and — signs and we do not have to use vector notation for 
displacement, velocity and acceleration for motion in one dimension. 


2.1. Average Velocity 


When an object travels a certain distance with different velocities, its motion is specified 
by its average velocity. The average velocity of an object is defined as the displacement 
per unit time. Let x, and x, be its positions at instants /, and t, respectively. Then 
mathematically we can express average velocity as 


displacement 


v= = 
time taken 


be eae AY 
Юл А (2.1) 


і 


where x, – x, signifies change in position (denoted by Ax) and t, — 1, is the corresponding 
change in time (denoted by Af). Here the bar over the symbol for velocity (7 ) is standard 
notation used to indicate an average quantity. Average velocity can be represented as Va, 
also. The average speed of an object is obtained by dividing the total distance travelled by 
the total time taken: 


total distancetravelled 
Average speed = ^ total time taken (2.2) 


Ifthe motion is in the same direction along a straight line, the average speed is the same as 


the magnitude of the average velocity. However, this is always not the case (see example 
22). М 


Following examples will help you in understanding the difference between average pee 
and average velocity. 


[Example 2.1 : The position of an object moving along the x-axis is defined as x = 207’, 
where 1 is the time measured in seconds and position is expressed in metres. Calculate 
the average velocity of the object over the time interval from 3s to 4s. 


Solution : Given, 
x = 20 


Note that x апа £ are measured in metres and seconds. It means that the constant of 
proportionality (20) has dimensions ms~. 
We know that the average velocity is given by the relation 
pu ос 
2-1 


At f, 3s, 


$e le 
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x, =20x Gy 
=20х9=180 т 


Similarly, for £= 45 


,720x (4? 

=20 х 16= 320 т 
sel sl X-A bi (320 – 180) m T 140m | 
SAN ДЕ ИНИ Eo PAR Ge FIG SACR 


ad 


[Example 2.2 : A person runs on a 300m circular track and comes back to the starting 
point in 200s. Calculate the average speed and average velocity. 


Hence, average velocity = 140 ms". 


Solution : Given, 
Totai length of the track =300m. 
Time taken to cover this length = 200s 


Hence, 


total distance travelled 


age speed = А 
Snobs time taken 


аа уи 
200 ™S = 1.5 ms 


As the person comes back to the same point, the displacement is zero. Therefore, the 
average velocity is also zero. 1 


Note that in the above example, the average speed is not equal to the magnitude of the 
average velocity. Do you know the reason? 


2.1.2 Relative Velocity 


When we say that a bullock cart is moving at 10km h” due south, it means that the cart 
travels a distance of 10km in 1h in southward direction from its starting position. Thus it is 
implied that the referred velocity is with respect to some reference point. In fact, the 
velocity of a body is always specified with respect to some other body. Since all bodies are 
in motion, we can say that every velocity is relative in nature. 


The relative velocity of an object with respect to another object is the rate at which it 
changes its position relative to the object / point taken as reference. For example, if о, апа 


v, are the velocities of the two objects along a straight line, ће relative velocity of B with 
respect to A will be v,— v,. 


ea le ааа ъв 
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The rate of change of the relative position of an object with respect to the other 
object is known as the relative velocity of that object with respect to the other. 


Importance of Relative Velocity 


The position and hence velocity of a body is specified in relation with some other 
body. If the reference body is at rest, the motion of the body can be described easily 
You will learn the equations of kinematics in this lesson. But what happens, if the 
reference body is also moving? Such a motion is seen to 

be of the two body system by a stationary observer. A B 

However, it can be simplified by invokingtheconceptof о х,(0) x,(0) 

relative motion. 


Let the initial positions of two bodies A and B be x (0) and x,(0). If body A moves 
along positive x-direction with velocity v, and body B with velocity v,, then the 
positions of points A and B after / seconds will be given by 


x(t) = x,(0) + ог 
хь() = xy(0) + Vat 
Therefore, the relative separation of B from A will be 
xg) = x,(0) 7 x, (f) = x,(0) — x,(0) + (uy — v) t 
= xy (0) + Од 


where v,, = (Va — v) is called the relative velocity of B with respect to A. Thus by 
applying the concept of relative velocity, a two body problem can be reduced to a 
single body problem. 


[Example 2.3 : A train A is moving on a straight track (or railway line) from North to 
South with a speed of 60km h~. Another train B is moving from South to North with a 
speed of 70km h"'. What is the velocity of B relative to the train A? 


Solution : Considering the direction from South to North as positive, we have 


velocity (v,) of train B = + 70km h 
and, velocity (v,) of train A = – 60km fr! 


Hence, the velocity of train B relative to train A 


Up TO, 
= 70 — (- 60) = 130km h”. 14 


In the above example, you have seen that the relative velocity of one train with respect to 
the other is equal to the sum of their respective velocities. This is why a train moving ina 
direction opposite to that of the train in which you are travelling appears to be travelling 
Very fast. But, if the other train were moving in the same direction as your train, it would 
appear to be very slow. 
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2.1.3 Acceleration 


While travelling in a bus or a car, you might have noticed that sometimes it speeds up and 
sometimes it slows down. That is, its velocity changes with time. Just as the velocity is 
defined as the time rate of change of displacement, the acceleration is defined as time 
rate of change of velocity. Acceleration is a vector quantity and its SI unit is m s?. In one 
dimension, there is no need to use vector notation for acceleration as explained in the case 
of velocity. The average acceleration of an object is given by, 


Final velocity - Initial velocity 
Time taken for change in velocity 


Average acceleration (а) = 


ion ie lary Q3) 


In one dimensional motion, when the acceleration is in the same direction as the motion or 
velocity (normally taken to be in the positive direction), the acceleration is positive. But the 
acceleration may be in the opposite direction of the motion also. Then the acceleration is 
taken as negative and is often called deceleration or retardation. So we can say that an 
increase in the rate of change of velocity is acceleration, whereas the decrease in the 
rate of change of velocity is retardation. 


[Example 2.4 : The velocity of a car moving towards the East increases from 0 to 121157 
! in 3.0 s. Calculate its average acceleration. 


Solution : Given, 


v, -0ms' 
v, =12ms" 
t=3.0s 
(12.0т s) 
а =т= ы 
3.05 


=4.0 ms? ial 


1. Isit possible for a moving body to have non-zero average speed but zero average 
velocity during any given interval of time? If so, explain. 


2. A lady drove to the market at a speed of 8 km h"!. Finding market closed, she came 
* back home at a speed of 10 km h^. If the market is 2km away from her home, 
calculate the average velocity and average speed. 


3. Canamoving body have zero relative velocity with respect to another body? Give an 
example. 


4. A person strolls inside a train with a velocity of 1.0 m s^! in the direction of motion of 
the train. If the train is moving with a velocity of 3.0 ms”, calculate his 
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(a) velocity as seen by passengers in the compartment, and (b) velocity with respect Моо Borce-and Energy 
to a person sitting on the platform. 


2.2 Position - Time Graph 


Ifyou roll a ball on the ground, you will notice that 


at different times, the ball is found at different 40 

positions. The different positions and corresponding t 

times can be plotted on a graph giving us a certain Е 30 

curve. Such a curve is known as position-timecurve. 5 

Generally, the time is represented along x-axis 3 20 

whereas the position of the body is represented 10 

along y-axis. 

Let us plot the position - time graph for a body at ee hae 15 


rest at a distance of 20m frcm the origin. What will А 
be its position after 1s, 2s, 3s, 4s and 5s? You will time(s) э 

find that the graph is a straight line parallel to the Fig. 2.1: Position-time graph for 
time axis, as shown in Fig. 2.1 a body at rest 


2.2.1 Position-Time Graph for Uniform Motion 


Now, let us consider a case where an object covers equal distances in equal intervals of 
time. For example, ifthe object covers a distance of 10m in each second for 5 seconds, the 
positions ofthe object at different times will be as shown in the following table. 


Position (x) inm 


In order to plot this data, take time along 
x-axis assuming lcm as 1s, and position 
along y-axis with a scale of Іст to be 
equal to 10m, The position-time graph will 
be as shown in Fig.2.2 


The graph is a straight line inclined with 
the x-axis. A motion in which the 
velocity of the moving object is 
Constant is known as uniform motion. 
Its position-time graph is a straight line 


position(m) -> 


inclined to the time axis. time(s) > 
In other words, we can say that when a Fig. 2.2: Position-time graph for 
Moving object covers equal distances in uniform motion 


equal intervals of time, it is in uniform 
motion, 
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2.2.2 Position-Time Graph for Non-Uniform Motion 


Let us now take an example of a train which starts from a station, speeds up and moves 
with uniform velocity for certain duration and then slows down before steaming in the next 
station. In this case you will find that the distances covered in equal intervals of time 
are not equal. Such a motion is said to 
be non-uniform motion. If the distances 
covered in successive intervals are 
increasing, the motion is said to be 
accelerated motion. The position-time 
graph for such an object is as shown in 
Fig.2.3. 


position (m) > 


Note that the position-time graph of 
accelerated motion is a continuous curve. 
Hence, the velocity of the body changes 


Time(s) > continuously. In such a situation, it is more 

Fig. 2.3 : Position-time graph of acceler- appropriate to define average velocity of 
ated motion as a continuous the body over an extremely small interval 

curve of time or instantaneous velocity. Let us 


learn to do so now. 
2.2.3 Interpretation of Position - Time Graph 


As you have seen, the position - time graphs of different moving objects can have different 
shapes. If it is a straight line parallel to the time axis, you can say that the body is at rest 
(Fig. 2.1). And the straight line inclined to the time axis shows that the motion is uniform 
(Fig.2.2). A continuous curve implies continuously changing velocity. 


(a) Velocity from position - time graph : The slope of the straight line of position - time 
graph gives the average velocity of the object in motion. For determining the slope, we 
choose two widely separated points (say A and B) on the straight line (Fig.2.2) and form a 
triangle by drawing lines parallel to y-axis and x-axis. Thus, the average velocity of the object 


eT (2.4) 


Hence, average velocity of object equals the slope of the straight line AB. 


It shows that greater the value of the slope (Ax/Ar) of the straight line position - time 
graph, more will be the average velocity. Notice that the slope is also equal to the tangent 
ofthe angle that the straight line makes with a horizontal line, i.e., tan 0 = Ax/Ar. Any two 
corresponding Ax and Af intervals can be used to determine 


the slope and thus the average velocity during that time internal. d В 


[Example 2.5 : The position - time graphs of two bodies A 
and B are shown in Fig. 2.4. Which of these has greater 
velocity? 


Position (т) > 


Time (s) > 
Solution : Body A has greater slope and hence greater , Fi£&24: Position- 
velocity. a time graph of 


(b) Instantaneous velocity : As you have learnt, a body having uniform motion along a 
straight line has the same velocity at every instant. But in the case of non-uniform motion, 
the position - time graph is a curved line, as shown in Fig.2.5. As a result, the slope or the 


average velocity varies, depending on the size of the 
time intervals selected. The velocity of the particle at 
any instant of time or at some point of its path is called 
its instantaneous velocity. 


Note that the average velocity over a time interval 


Ax { 
At is given by р = PY As At is made smaller and 


smaller the average velocity approaches 
instantaneous velocity. 


Inthe limit Ar — 0, the slope (Ax/A?) ofa line tangent 
to the curve at that point gives the instantaneous 
velocity. However, for uniform motion, the average 
and instantaneous velocities are the same. 


d: 

& 

B 

E 

8 

8 

E 

a 
Time (s) — 

Fig.2.5: Displacement-time 

graph for non- 
uniform motion 


[Example 2.6 : The position - time graph for the motion of an object for 20 seconds is 
shown in Fig. 2.6. What distances and with what speeds does it travel in time intervals (i) 
051055, (11) 5 s to 10 s, (iii) 10 s to 15 s and (iv) 15 s to 17.5 s? Calculate the average 


Speed for this total journey. 


position(m) > 
oe 


25 5 10 
time(s) > 


1517.520 


BUE 


Fig. 2.6: Position-time graph 


Solution : 
i) During 0 s to 5 s, distance travelled = 4 m 


Distance _ 4m 4m 


карей nt ат 


ii) During 5 s to 10 s, distance travelled = 12 - 4 = 8 т 


(I2-4)m 8m 


=—=1.6ms" 
(10-5)s 5s 


Vx Speed - 


ii During 10 s to 15 s, distance travelled = 12- 12=0 m 


iv) During 15 sto 17.5 s, distance travelled = 12 m 
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12 т З 
~<. Speed = 255 =48 75 


Now we would like you їо pause for a while and solve the following questions to check 
your progress. 


1. Draw the position-time graph for a motion with zero acceleration. 


2. The following figure shows the displacement - time graph for two students A and B who 
start from their school and reach their homes. Look at the graphs carefully and answer 
the following questions. 


(i) Do they both leave school at the same time? 


(ii) Who stays farther from the school? 


700 
4 600 
Е 500 (iii) Do they both reach their respective 
E houses at the same time? 
E 400 
O E 
$ 300 
2 


[5] 
© 
© 


school 
1 ЖАЗ. с US E S o 


SD YES (v) At what distance from the school do 


they cross each other? 


HS 


4. 


б T 
8 A С E 
E Ё А c 

А] о 
E E: 
B > 

time (д > 5 В 

time (0) > 
(a) (b) 
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Velocity - Time Graph 


Just like the position-time graph, we can plot velocity-time graph. While plotting a 
velocity-time graph, generally the time is taken along the x-axis and the velocity along the 
y-axis. 


2.3.1 Velocity-Time Graph for Uniform Motion 


As you know, in uniform motion the velocity of the body remains constant, i.e., there is no 
change in the velocity with time. The velocity-time graph for such a uniform motion is a 
straight line parallel to the time axis, as shown in the Fig. 2.6. 


sity (m s") 


velo 


K N D 
Time (s) time (s) 


Fig. 2,6 : Velocity-time graph for Fig. 2.7 : Velocity-time graph for motion with three 
uniform motion different stages of constant acceleration 


2.3.2 Velocity-Time Graph for Non-Uniform Motion 


If the velocity of a body changes uniformly with time, its acceleration is constant. The 
velocity-time graph for such a motion is a straight 
line inclined to the time axis, This is shown in 
Fig. 2.7 by the straight line AB. It is clear from 
the graph that the velocity increases by equal 
amounts in equal intervals of time. The average 
acceleration of the body is given by 


4u АВ ЕМЕ 


0-1 AP SEP 
= slope of the straight line 


velocity (0) ——» 


А 0 
Since the slope of the straight line is constant, 


the average acceleration of the body is constant. time () —> 

However, it is also possible that the rate of Fig.2.8: Velocity-time graph for a motion 
Variation in the velocity is not constant. Such a with varying acceleration 
Motion is called non-uniformly accelerated 

Motion. In such a situation, the slope of the velocity-time graph will vary at every instant, 
âs shown in Fig.2.8. It can be seen that 0,, 0, and Ө, are different at points A, B and C. 


2.3.3 Interpretation of Velocity-Time Graph 


Using v— z graph of the motion of a body, we can determine the distance travelled by it 
and the acceleration of the body at different instants. Let us see how we can do so. 


oe 


о 
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(a) Determination of the distance travelled by 
the body : Let us again consider the velocity-time 
graph shown in Fig. 2.7. The portion AB shows the 
motion with constant acceleration, whereas the 
portion CD shows the constantly retarded motion. 
The portion BC represents uniform motion (i.e., 
motion with zero acceleration). 


For uniform motion, the distance travelled by the body 
from time f, to t, is given by s = v(t, — t) = the area 


f t under the curve between ¢, and t, Generalising this 
time(s) —> В ; 
: Velocity-time graph of result for Fig. 2.7, we find that the distance travelled 
non-uniformly acceler- by the body between time /, and f, 
ated motion 


5 = area of trapezium KLMN 

= (4) x (KL + MN) x KN 

= (V) x (V, + 0) x (0-4) 
(b) Determination of the acceleration of the body : We know that acceleration of a 
body is the rate of change of its velocity with time. If you look at the velocity-time graph 
given in the Fig.2.9, you will note that the average acceleration is represented by the slope 
of the chord AB, which is given by 
AU U,—-U 
run 
If the time interval At is made smaller and smaller, the average acceleration becomes 
instantaneous acceleration. Thus, instantaneous acceleration 


average acceleration (2) = 


х Ар 40 = slope of th ab 
MAESE R A = slope o e tangent at ( = 1) = += 


Thus, the slope of the tangent at a point on the velocity-time graph gives the 
acceleration at that instant. 


[Example 2.7 : The velocity-time graphs for three 

different bodies A,B and C are shown in Fig. 2.9(a). 

(i) Which body has the maximum acceleration and 
how much? 


(ii). Calculate the distances travelled by these bodies 
in first 3s. 


veloeity (m s") —> 


(iii) Which of these three bodies covers the maximum 
distance at the end of their journey? 


А 1422.8 

(iv) What are the velocities at / = 2s? Time е бы 

Solution : Fig. 2.9(a) : Velocity-time graph of 
uniformly accelerated 

(i) As the slope of the v-t graph for body A is a Wi. of three different 


Mig ern 9 ———— 


(ii) The distance travelled by a body is equal to the area of the v-t graph. 
<. In first 3s, 
the distance travelled by А = Area ОАТ, 
= (6) x 6 x 3 = 9т. 
the distance travelled by В = Area OB'L 
= (/)х3х3 = 4,5 т. 
the distance travelled by С = (/)х 1х3 = 1.5700: 
(iii) At the end of the journey, ће maximum distance is travelled by B. 
=(%)x6x6=18m. 


(iv) Since v-t graph for each body is а straight line, instantaneous acceleration is equal to 
average acceleration. 


At 2s, the velocity of A =4 ms" 


the velocity of B =2ms"! 
the velocity of C = 0.80 m s* (approx.) uj 
eee 
$520 The motion of a particle moving in a straight line is 
E15 depicted in the adjoining v — t graph. (i) Describe the 
E 10 motion in terms of velocity, acceleration and distance 
5 à travelled (ii) Find the average speed. 
$ 10 15 20 25) meet ОИ 
1 time(s) > 
i 2. Whattype of motion does the adjoining graph repres 
= - uniform motion, accelerated motion ог deceler 


motion? Explain. 


Using the adjoining v-t graph, calculate the (i) 
average velocity, and (ii) average speed of the 
particle for the time interval 0 — 22 seconds. The 
particle is moving in a straight line all the time. 
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2.4 Equations of Motion 


As you now know, for describing the motion of an object, we use physical quantities like 
distance, velocity and acceleration. In the case of constant acceleration, the velocity acquired 
and the distance travelled in a given time can be calculated by using one or more of three 
equations. These equations, generally known as equations of motion for constant 
acceleration or kinematical equations, are easy to use and find many applications. 


2.4.1 Equation of Uniform Motion 


In order to derive these equations, let us take initial time to be zero i.e. t, = 0. We can then 

assume t, = (to be the elapsed time. The initial position (x,) and initial velocity (v,) ofan 

object will now be represented by x, and v, and at time г they will be called x and v 

(rather than x, апа vj). According to Eqn. (2.1), the average velocity during the time ¢ will 

be 

х-% 
t 


2.4.2 First Equation of Uniformly Accelerated Motion 


0 = 


(2.4) 


The first equation of uniformly accelerated motion helps in determining the velocity of an 
object after a certain time when the acceleration is given. As you know, by definition 


Change in velocity _ 02—01 


Time taken t,-t, 
If at ¢,=0, v, = u,andat/,—/, о, = v. Then 


Acceleration (a) = 


a=—— (2.5) | 


=> о=0+а (2.6) 


[Example 2.8 : A car starting from rest has an acceleration of 10ms~. How fast will it | 
be going after 5s? 
Solution : Given, 
Initial velocity v, =0 | 
Acceleration а = 10 ms? 
Тіте t = 55 
Using first equation of motion 

v =v, + at 


we find that for г = 5s, the velocity is given by 


v =0 * (10 ms?) x (5s) 


= 50 ms" si 


2.4.2 Second Equation of Uniformly Accelerated Motion 


Second equation of motion is used to calculate 
the position of an object after time ¢ when it is 
undergoing constant acceleration a. ; 


Suppose that at ¢= 0, x, = x; v, = v, and at t = t, 
Domo D TiU. 


The distance travelled — area under v — t graph 


— Area of trapezium 


OABC 
t() ә 
= C908) upon ИрИ e mM Acer n. 
x СОНО) cy 
Since v= v, + at, we can write 
хх =A (u tatt vt 
= vt t an 
or x =х ta аай (2.7) 


[Example 2.9 : Acar A is travelling on a straight road with a uniform speed of 60 km hr'. 
Car B is following it with uniform velocity of 70 km h. When the distance between them 
is 2.5 km, the car B is given a decceleration of 20 km h"'. At what distance and time will 
the car B catch up with car A? 


Solution : Suppose that саг B catches up with car A at a distance x after time t. 
For car A, the distance travelled in t time, x = 60 x t. 
For car B, the distance travelled in t time is given by 
x' =x, + Uy * af 
=0 +70 x t+ %2 (-20) x Ê 
х' = 701-102 
But the distance between two cars is 
x -x-25 
(70 t- 10 2) – (60 0) =2.5 


102—-10:42.5 =0 
lt gives £= % hour 


or 


x = 70t— 102 
=70 x 4-10 x (И) 
= 35 – 2.5 = 32.5 km. 23 


SO 
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2.4.4 Third Equation of Uniformly Accelerated Motion 


The third equation is used in a situation when the acceleration, position and initial velocity 
are known, and the final velocity is desired but the time г is not known. From Eqn. (2.7), 
we can write 


x-x, AU RUSE 


Also from Eqn. (2.6), we recall that 


Substituting this in above expression we get 


U-U, 
x-x TA (VHV) 


a 
=> 2a(x-x)-2v-v 
> U = u + 2a(x-x,) (2.8) 
Thus, the three equations for constant acceleration are 
b=v, tat 


x =x, tuta 


її 


and vU = шу + 2a(x-x,) 


[Example 2.10 : A motorcyclist moves along a straight road with a constant acceleration 
of 4m s?. If initially she was at a position of 5m and had a velocity of 3m s^", calculate 


(i) the position and velocity at time t = 25, and 
(ii) the position of the motorcyclist when its velocity is Sms“. 
Solution : We are given 

x, =5m, v, = 3m s", a = 4 ms”. 


(i) Using Eqn. (2.7) 
x =x, t+ Uf ай 


=5+3x2+%x4x(2P= 19m 
From Eqn. (2.6) 


v =v tat 
=3+4х2 = 11т'! 
Velocity, v= 11ms*. 


(ii) Using equation 
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V = ш t2a(x-x) 


(5)? Gy +2х4х (х-– 5) 
= x =7m 


Hence position of the motor cyclist (х) = 7m. Al 


2.5 Motion under gravity 


You must have noted that when we throw a body in the upward direction or drop a stone 
from a certain height, they come down to the earth. Do you know why they come to the 
earth and what type of path they follow? It happens because of the gravitational force of 
the earth on them. The gravitational force acts in the vertical direction. Therefore, motion 
under gravity is along a straight line. It is a one dimensional motion. The free fall of a 
body towards the earth is one of the most common examples of motion with constant 
acceleration. 1п the absence of air resistance, it is found that all bodies, irrespective of 
their size or weight, fall with the same acceleration. Though the acceleration due to gravity 
varies with altitude, for small distances compared to the earth's radius, it may be taken 
constant throughout the fall. For our practical use, the effect of air resistance is neglected. 


The acceleration of a freely falling body due to gravity is denoted by g. At or near the 
earth’s surface, its magnitude is approximately 9.8 ms?. More precise values, and its 
variation with height and latitude will be discussed in detail in lesson 5 of this book. 


Galileo Galilei (1564 — 1642) 


He was born at Pisa in Italy in 1564. He enunciated the laws of falling 
bodies. He devised a telescope and used it for astronomical observations. 
His major works are : Dialogues about the Two great Systems of the 
World and Conversations concerning Two New Sciences. He supported 
the idea that the earth revolves around the sun. 


[Example 2.11 : A stone is dropped from a height of 50m and it falls freely. Calculate the 
(0 distance travelled іп 2 s, (ii) velocity of ће stone when it reaches the ground, and 
(iii) velocity at 3 s i.e., 3 s after the start. 


Solution : Given 


Height Л = 50 m and Initial velocity v, =0 


Consider, initial position (y,) to be zero and the origin at the starting point. Thus, the y-axis 
Vertical axis) below it will be negative. Since acceleration is downward in the negative 
Y-direction, the value of a =— g= -9.8 ms?. 


() From Eqn. (2.7), we recall that 


Y= y+ ust wat 
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For the given data, we get 
y =0 +0- gê = x 9.8 x (2) 
=-—19.6m. 


The negative sign shows that the distance is below the starting point in downward direction. 
(ii) At the ground y = —50т, 


Using equation (2.8), 
1? -uut2a(y-y) 
=0 +2 (-9.8) (-50 - 0) 
v = 9.9 ms! 


(iii) Using о = v, + at, at t = 3s, we get 


v=0+(-9.8) х3 


v = -29.4 ms! 


This shows that the velocity of the stone at / = 3 s is 29.4 m s" and it is in downward 
direction. 


Note : Jt is important to mention here that in kinematic equations, we use certain 
sign convention according to which quantities directed upwards and rightwards are 
taken as positive and those downwards and leftward are taken as negative. 


Take a pause and solve the following questions. 


1. 


A body starting from rest covers a distance of 40 m in 4s with constant acceleration 


along a straight line-Compute its final velocity and the time required to cover half of 
the total distance. 


А car moves along a straight road with constant aceleration of 5 ms~. Initially at 5m, 
its velocity was 3 ms"! Compute its position and velocity at = 2 s. 


With what velocity should a body be thrown vertically upward so that it reaches à 
height of 25 m? For how long will it be in the air? 


A ball is thrown upward in the air. Is its acceleration greater while it is being thrown 
or after it is thrown? 


Wak 

SP What You Have Learnt 

11122 

e The ratio of the displacement of an object to the time interval is known as average 
velocity. 


e The total distance travelled divided by the time taken is average speed. 


e The rate of change of the relative position of an object with respect to another object is 
known as the relative velocity of that object with respect to the other. 


e The change in the velocity in unit time is called acceleration. 


The position-time graph for a body at rest is a straight line parallel to the time axis. 


The position-time graph for a uniform motion is a straight line inclined to the time axis. 


e A body covering equal distance in equal intervals of time, however small, is said to be in 
uniform motion. 


The velocity of a particle at any one instant of time or at any one point of its path is 
called its instantaneous velocity. 


* The slope of the position-time graph gives the average velocity. 


e The velocity-time graph for a body moving with constant acceleration is a straight line 
inclined to the time axis. 


The area under the velocity-time graph gives the displacement of the body. 


The average acceleration of the body can be computed by the slope of velocity-time 
graph, 


The motion of a body can be described by following three equations : 
O  v=v,+at 
(ii) x= tuit 5 aÊ 


G) y? =v? + 2а(х-х,) 


Distinguish between average speed and average velocity. 


A car C moving with a speed of 65 km h” on a straight road is ahead of motorcycle 
M moving with the speed of 80 km г! in the same direction. What is the velocity of 
M relative to A? 


е long does а саг take to travel 30m, if it accelerates from rest at a rate of 
Ü т s? 


A motorcyclist covers half of the distance between two places at a speed of 
30 km h“ and ће second half at the speed of 60 kmhr'. Compute the average speed 
of the motorcycle. 
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5. Aduck, flying directly south for the winter, flies with a constant velocity of 20 km h“! 
to a distance of 25 km. How long does it take for the duck to fly this distance? 


6. Bangalore is 1200km from New Delhi hy air (straight line distance) and 1500 km by 
train. If it takes 2h by air and 20h by train, calculate the ratio of the average speeds. 


7. A car accelerates along a straight road from rest to 50 kmhr' in 5.0 s. What is the 
magnitude of its average acceleration? 


8. A body with an initial velocity of 2.0 ms" is accelerated at 8.0 ms? for 3 seconds. 
(i) How far does the body travel during the period of acceleration? (ii) How far would 
the body travel if it were initially at rest? 


9. A ball is released from rest from the top of a cliff. Taking the top of the cliff as the 
reference (zero) level and upwards as the positive direction, draw (i) the displacement- 
time graph, (ii) distance-time graph (iii) velocity-time graph, (iv) speed-time graph. 
10. A ball thrown vertically upwards with a velocity v, from the top of the cliff of height h, 
falls to the beach below. Taking beach as the reference (zero) level, upward as the 
positive direction, draw the motion graphs. i.e., the graphs between (i) distance-time, 
(ii) velocity-time, (iii) displacement-time, (iv) speed - time graphs. 

11. A body is thrown vertically upward, with a velocity of 10m/s. What will be the value of 
the velocity and acceleration of the body at the highest point? 


12. Two objects of different masses, one of 10g and other of 100g are dropped from the 
same height. Will they reach the ground at the same time? Explain your answer. 


13. What happens to the uniform motion of a body when it is given an acceleration at right 
angle to its motion? 


14. What does the slope of velocity-time graph at any instant represent? 


Answers to Intext Questions 


1. Yes. When body returns to its initial postion its velocity is zero but speed is non-zero. 


2 
2. Average speed = I 
=+ 


8 10 


4 
igs 20 = 8.89 km hr, average velocity = 0 


3. Yes, two cars moving with same velocity in the same direction, will have zero relative 
velocity with respect to each other. 


4. (а) 1 ms' 
(b) 2 m s? 
2.2 

1.. See Fig. 22. 


2. (i) A, (ii) B covers more distance, (iii) B, (iv) A, (v) When they are 3km from the 


EN 3" ^ A | CONNU 


starting point of B. 
3. Inthe uniform motion. 


4. (a) is wrong, because the distance covered cannot decrease with time or become 
zero. 


2.3 
1. (i) (a) The body starts with a zero velocity. 


(b) Motion of the body between start and Sth seconds is uniformly accelerated. It has 
been represented by the line OA. 


ur 15 50d qoa 
a rm 0 ms 
(c) Motion of the body between Sth and 10th second is a uniform motion (represented 
15-15 0 
E ELA 22 
by AB). a 15-5 10 Oms 


(d) Motion between 15th and 25th second is uniformly retarded. (represented by the 
0-15 


li ‚а= --]. 3, 

ine BC), a 25-15 1.5 т5 

кз : i Area of OA BC 
Gi) (a) Average-speed= Distance covered _ Area of OA BU 


time taken (25-0) 


1 1 
(равна) навко) +(F15110)) ss A 
25 50 


(b) Deccelerated Velocity decreases with time. 


20x15 10x7 
(c) Total distance covered = ( 2 )" "т (92) = 185 т. 


185| — 
". average speed = 72 ms = 8.4 ms". 


20x15 10x7 
Total displacement = ( : Jo (1227) m = uso. 


1155 
~. average velocity = my m 12522 ms". 
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2.4 


1. Using x= x, + v,t+ % at? 


40= 5 xax 16 
=> a-5ms? 


Next using 1? = v? + 2a (x — x;) 


v=20ms", 


1 
20-0t7x5xt =т= 2/25 


2. Using Eqn.(2.9), x = 21m, and using Eqn.(2.6), v= 13 ms". 


3. Atmaximum height о = 0, using Eqn. (2.10), v, = 7 {о ms! = 22.6ms". 


The body will be in the air for the twice of the time it takes to reach the maximum 
height. 


4. The acceleration of the ball is greater while it is thrown. 
Answers to Terminal Exercises 

2. 15 кті! 

3. 5.475 

4. 40 ms" 

Soin 

6. 8:1 

7. 2.8m s? (or 3000 km h?) 
8. (i)42m(ii)36m 

11. O and 9.8 m s?. 
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LAWS OF MOTION 


I the previous lesson you learnt to describe the motion of an object in terms of its 
displacement, velocity and acceleration. But an important question is : what makes an 
object to move? Or what causes a ball rolling along the ground to come to a stop? From 
our everyday experience we know that we need to push or pull an object if we wish to 
change its position in a room. Similarly, a football has to be kicked in order to send it over 
a large distance. A cricket ball has to be hit hard by a batter to send it across the boundary 
fora six. You will agree that muscular activity is involved in all these actions and its effect 
is quite visible. 


There are, however, many situations where the cause behind an action is not visible. For 
example, what makes rain drops to fall to the ground? What makes the earth to go around 
the sun? In this lesson you will learn the basic laws of motion and discover that force causes 
motion. The concept of force developed in this lesson will be useful in different branches of 
physics. Newton showed that force and motion are intimately connected. The laws of motion 
are fundamental and enable us to understand everyday phenomena. 


(D Objectives | 


After studying this lesson, you should be able to : 


* explain the significance of inertia; 


state Newton's laws of motion and illustrate them with examples; 


explain the law of conservation of momentum and illustrate it with examples; 


define coefficient of friction and distinguish between static friction, kinetic friction 
and rolling friction; 


suggest different methods of reducing friction and highlight the role of friction 
in every-day life; and 


analyse a given situation and apply Newton's laws of motion using free body 
diagrams. 


3.1 Concepts of Force and Inertia 


We all know that stationary objects remain wherever they are placed. These objects 


— 9 ыш 


Motion, Force and Energy§ cannot move on their own from one place to another place unless forced to change their 
state of rest. Similarly, an object moving with constant velocity has to be forced to change 
its state of motion. The property of an object by which it resists a change in its state 
of rest or of uniform motion in a straight line is called inertia. Mass of a body is a 
measure of its inertia. 


In a way, inertia is a fantastic property. If it were not present, your books or classnotes 
could mingle with those of your younger brother or sister. Your wardrobe could move to 
your friend’s house creating chaos in life. You must however recall that the state of rest or 
of uniform motion of an object are not absolute. In the previous lesson you have learnt that 
an object at rest with respect to one observer may appear to be in motion with respect to 
some other observer. Observations show that the change in velocity of an object can ` 
only be brought, if a net force acts on it. 


You are very familiar with the term force. We use it in so many situations in our everyday 
life. We are exerting force when we are pulling, pushing, kicking, hitting etc. Though a 
force is not visible, its effect can be seen or experienced. Forces are known to have 
different kinds of effects : 


(a) They may change the shape and the size of an object. A balloon changes shape 
depending on the magnitude of force acting on it. 


(b) Forces also influence the motion of an object. A force can set an object into 
motion or it can bring a moving object to rest. A force can also change the direction 
or speed of motion. 


(c) Forces can rotate a body about an axis. You will learn about it in lesson seven. 


3.1.1 Force and Motion 


Force is a vector quantity. For this reason, when several forces act on a body simultaneously, 
a net equivalent force can be calculated by vector addition, as discussed in lesson 1. 


Motion ofa body is characterised by its displacement, velocity etc. We come across many 
situations where the velocity of an object is either continuously increasing or decreasing. 
For example, in the case of a body falling freely, the velocity of the body increases 
continuously, till it hits the ground. Similarly, in the case of a ball rolling on a horizontal 
surface, the velocity of the ball decreases continuously and ultimately becomes zero. 


From experience we know that a net non-zero force is required to change the state of a 
body. For a body in motion, the velocity will change depending on the direction of the 
force acting on it. \f a net force acts on a body in motion, its velocity will increase in 
magnitude, if the direction of the force and velocity are same. If the direction of net force 
acting on the body is opposite to the direction of motion, the magnitude of velocity will 
decrease. However, if a net force acts on a body in a direction perpendicular to its velocity, 
the magnitude of velocity of the body remains constant (see Sec 4.3). Such a force changes 


only the direction of velocity of the body. We may therfore conclude that velocity of a 
body changes as long as a net force is acting on it. 


3.1.2 First Law of Motion ` 


When we roll a marble on a smooth floor, it stops after some time. It is obvious that its 
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velocity decreases and ultimately it becomes zero. However, if we want it to move Motion, Force and Energy 


continuously with the same velocity, a force will have to be constantly applied on it. 


We also see that in order to move a trolley at constant velocity, it has to be continuously 
pushed or pulled. Is there any net force acting on the marble or trolley in the situations 
mentioned here? 


Motion and Inertia 


Galileo carried out experiments to prove that in the absence of any external force, a 
body would continue to be in its state of rest or of uniform motion in a straight line. 
He observed that a body is accelerated while moving down an inclined plane 
(Fig. 3.1 a) and is retarded while moving up an inclined plane (Fig. 3.1 b). He argued 
that if the plane is neither inclined upwards nor downwards (i.e. if it is a horizontal 
plane surface), the motion of the body will neither be accelerated not retarded. That 
is, on a horizontal plane surface, a body will move with a uniform speed/velocity (if 
there is no external force). 


Fig. 3.1 : Motion ofa body on inclined and horizontal planes 


In another thought experiment, he considered two inclined planes facing each other, 
as shown in Fig. 3.2. The inclination of the plane PQ is same in all the three cases, 
whereas the inclination of the plane RS in Fig. 3.2 (a) is more than that in (b) and (c). 
The plane PQRS is very smooth and the ball is of marble. When the ball is allowed 
to roll down the plane PQ, it rises to nearly the same height on the face RS. As the 
inclination of the plane RS decreases, the balls moves a longer distance to rise to the 
same height on the inclined plane (Fig. 3.2b). When the plane RS becomes horizontal, 
the ball keeps moving to attain the same height as on the plane PQ, i.e. on a horizontal 
plane, the ball will keep moving if there is no friction between the plane and the ball. 


3 Final Position 
Initial Position 


Final Position 
B, 


Where is the final position? 
vete ome ue $»-—--2--- >--------- ------ 


Q R S 
(с) 


Fig. 3.2 : Motion of a ball along planes inclined to each other 
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Sir Issac Newton 
(1642-1727) 


Newton was born àt Wollsthorpe in England in 1642. He studied at 
Trinity College, Cambridge and became the most profound scientist. 
The observation of an apple falling towards the ground helped him to 
formulate the basic law of gravitation. He enunciated the laws of 
motion and the law of gravitation. Newton was a genius and contributed 
significantly in all fields of science, including mathematics. His 
contributions are of a classical nature and form the basis of the modern science. He 
wrote his book “Principia” in Latin and his book on optics was written in English. 


You may logically ask : Why is it necessary to apply a force continuously to the trolley to 
keep it moving uniformly? We know that a forward force on the cart is needed for balancing 
out the force of friction on the cart. That is, the force of friction on the trolley can be 
overcome by continuously pushing or pulling it. 


Isaac Newton generalised Galileo's conclusions in the form of a law known as Newton's 
first law of motion, which states that a body continues to be in a state of rest or of 
uniform motion in a straight line unless it is acted upon by a net external force. 


As you know, the state of rest or motion of a body depends on its relative position with 
respect to an observer. À person in a running car is at rest with respect to another person 
in the same car. But the same person is in motion with respect to a person standing on the 
road..For this reason, it is necessary to record measurements of changes in position, 
velocity, acceleration and force with respect to a chosen frame of reference. 


A reference frame relative to which a body in translatory motion has constant velocity, if 
no net external force acts on it, is known as an inertial frame of reference. This 
nomenclature follows from the property of inertia of bodies due to which they tend to 
preserve their state (of rest or of uniform linear motion). A reference frame fixed to the 
earth (for all practical purposes) is considered an inertial frame of reference. 


Now you may like to take a break and answer the following questions. 


l. Isitcorrectto statethat a body always moves in the direction ofthe net external force 
acting on it? 


3. Cana force change only the direction of velocity of an object keeping its magnitude 
constant? 
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4. State the different types of changes which a force can bring in a body when applied [ Мойноп, Force and Energy 
on it. 


3.2 Concept of Momentum 


You must have seen that a fielder finds it difficult to stop a cricket ball moving with a large 
velocity although its mass is small. Similarly, it is difficult to stop a truck moving with a 
small velocity because its mass is large. These examples suggest that both, mass and 
velocity of a body, are important, when we study the effect of force on the motion of the 
body. 


The product of mass m of a body and its velocity v is called its linear momentum p. 
Mathmatically, we write 


р =mv 


In $1 units, momentum is measured in kg ms"'. Momentum is a vector quantity. The direction 
of momentum vector is the same as the direction of velocity vector. Momentum of an 
object, therefore, can change on account of change in its magnitude or direction or both. 
The following examples illustrate this point. 


[Example 3.1 Aman weights 60 kg and travels with velocity 1.0 m 57! towards Manoj 
who weights-40 kg, and is moving with 1.5 ms” towards Aman. Calculate their momenta. 


Solution : For Aman 
momentum = mass x velocity 
= (60 kg) x (1.0 m s?) 
= 60 kgms” 
For Manoj 
momentum = 40 kg x (- 1.5 ms") 
=— 60 kgms” 


Note that the momenta of Aman and Manoj have the same magnitude but they are in 
opposite directions. al 


Example 3.2 A2 kg object is allowed to fall freely at t = 0 s. Callculate its momentum 
at (a) t= 0, (b) г= 1 sand (c) / = 2 s during its free-fall. 


Solution : (a) As velocity of the object at / = 0 s is zero, the initial momentum of the object 
Will also be zero. 


(b) At r= 15, the velocity of the object will be 9.8 ms~ [use v= v, + ar] pointing downward. 
So the momentum of the object will be 


p, =(2kg)x (9.8 ms") = 19.6 kgms” pointing downward. 


— See E REM 
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(с) At t = 2 s, the velocity of the object will be 19.6 m s~ pointing downward. So the 
momentum of the object will now be 3 
р, = (2 Кр) x (19.6 ms") = 39.2 kgms" pointing downward. 


Thus, we see that the momentum ofa freely-falling body increases continuously in magnitude 
and points in the same direction. Now think what causes the momentum of a freely-falling 
body to change in magnitude? 


[Example 3.3 А rubber ball of mass 0.2 kg strikes a rigid wall with a speed of 


10 ms" and rebounds along the original path with the same speed. Calculate the change in 
momentum of the ball. 


Solution : Here the momentum of the ball has the same magnitude before and after the 
impact but there is a reversal in its direction. In each case the magnitude of momentum is 
(0.2 kg)x(10 ms") i.e. 2 kgms”. 


If we choose initial momentum vector to be along + x axis, the final momentum vector will 
be along — axis. So p, = 2 kgms“, р, = —2 kgms"'. Therefore, the change in momentum 
of the ball, p,- p, = (2 kgms") - (2 kg ms") = – 4 kg ms". 


Here negative sign shows that the momentum of the ball changes by 4 kgms"' in the 
direction of — axis. What causes this change in momentum of the ball? 


In actual practice, a rubber ball rebounds from a rigid wall with a speed less than its speed 
before the impact. In such a case also, the magnitude of the momentum will change v] 


3.3 Second Law of Motion 


You now know that a body moving at constant velocity will have constant momentum 
Newton's first law of motion suggests that no net external force acts on such a body 


In Example 3.2 we have seen that the momentum of a ball falling freely under gravity 
increases with time. Since such a body falls under the action of gravitational force acting 
on it, there appears to be a connection between change in momentum of an object, net 
force acting on it and the time for which it is acting. Newton’s second law of motion gives 
a quantitative relation between these three physical quantities. It states that the rate of 
change of momentum of a body is directly proportional to the net force acting on the 


body. Change in momentum of the body takes place in the direction of net external 
force acting on the body. 


This means that if Ap is the change in momentum ofa body in time A/ due to a net external 
force F, we can write 


Ap 
bis At 
zk— 
or F zn 
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By expressing momentum as a product of mass and velocity, we can rewrite this result as 


E 


= _Е-= Кта (as — = а) (3.1) 


The value of the constant К depends upon the units of m and а. If these units are chosen 
such that when the magnitude of m= 1 unit and a= | unit, the magnitude of F is also be 1 
unit. Then, we can write 


Læk. 1.1 
i.e., k =1 
Using this result in Eqn. (3.1), we get 

Е =та (3.2) 
In SI units, т = 1 kg, a= 1 m s?. Then magnitude of external force 

Е = l kg x 1 ms? = 1 kgms? 

= ] unit of force (3.3) 

This unit of force (i.e., 1 kg m s?) is called one newton. 


Note that the second law of motion gives us a unit for measuring force. The SI unit of 
force i.e., a newton may thus, be defined as the force which will produce an acceleration 
of 1 ms? in a mass of 1 kg. 


[Example 3.3 A ball of mass 0.4 kg starts rolling on the ground at 20 ms"! and comes to 
а stop after 10s. Calculate the force which stops the ball, assuming it to be constant in 
Magnitude throughout. 


Solution : Given m=0.4 kg, initial velocity и= 20 ms", final velocity v = 0 m s” and 
t= 105. So 


m(v-w) _ 0.4 (- 20 ms”) 


IF|=mla] = —— TT 


ii 


= -08kgms?=-0.8N 


Here negative sign shows that force on the ball is in a direction opposite to that of its 
motion, 


Exampte 3.4 A constant force of magnitude 50 N is applied to a body of 10 kg moving 
initially with a speed of 10 m s^. How long will it take the body to stop if the force acts 
in adirection opposite to its motion. d 
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or 


Since 


Е = ma 


we can write 


og 


0-10ms' 
10 kg t 


. -lO0kgms' _ 100kgms! _ 


See us 
-50N 50 kg m s^ A 


-50 N 


It is important to note here that Newton’s second law of motion, as stated here is applicable 
to bodies having constant mass. Will this law hold for bodies whose mass changes with 
time, as in a rocket? 


Two objects of different masses have the same momentum. Which of them is moving 
faster? 


A boy throws up a ball with a velocity о, If the ball returns to the thrower with the 
same velocity, will there be any change in 


When a ball falls from a height, its momentum increases. What causes increase in its 
momentum? 


In which case will there be larger change in momentum of the object? 


(a) A 150 N force acts for 0.1 s on a2 kg object initially at rest. 


_ (b) A 150 М force acts for 0.2 s on a 2 kg. object initially at rest. 


An object is moving at a constant speed in a circular path. Does the object have 
constant momentum? Give reason for your answer. 


It is the gravitational pull of the earth, which allows an object to accelerate towards the 
earth. Does the object also pull the earth? Similarly when we push an almirah, does the 
almirah also push us? If so, why don’t we move in the direction of that force? These 
situations compel us to ask whether a single force such as a push or a pull exists? It has 
been observed that actions of two bodies on each other are always mutual. Here, by 
action and reaction we mean ‘forces of interaction’. So, whenever two bodies interact, 
they exert force on each other. One of them is called ‘action’ and the other is called 
‘reaction’. Thus, we can say that forces always exist in pairs. 


3.4.1 Third Law of Motion 


On the basis of his study of interactions between 
bodies, Newton formulated third law of motion: To 
every action, there is an equal and opposite 
reaction. 


Here by ‘action’ and ‘reaction’ we mean force. Thus, 
when a book placed on a table exerts some force on 
the table, the latter, also exerts a force of equal Fig3.3: A book placed on a table 


magnitude on the book in the upward direction, as exerts a force F, (equal to its 
shown in Fig. 3.3. Do the forces F, and F, shown T cra 
here cancel out? It is important to note that F, and м amet EOS 


F, are acting on different bodies and therefore, they 
do not cancel out. 


The action and reaction in a given situation appear as a pair of forces. Any one of them 
cannot exist without the other. 


If one goes by the literal meaning of words, reaction always follows an action, whereas 
action and reaction introduced in Newton's third law exist simultaneously. For this reason, 
itis better to state Newton's third law as when two objects interact, the force exerted by 
опе object on the other is equal in magnitude and opposite in direction to the force 
exerted by the latter object on the former. 


Vectoria] ly, if F,, is the force which object 1 experiences due to object 2 and F,, is the 


force which obj ect2 experiences due to object 1, then according to Newton's third law of 
motion, we can write 


Е, =F, (3.4) 
3.4.2 Impulse $ 


The effect o 
product of f 


rce applied for a short duration is called impulse. Impulse is defined asthe § 
ce (F) and the time duration (At) for which the force is applied. 


і, | 
se Impulse — F.At 


е initial and fi nal velocities of body acted upon by a force F are u and v respectively 
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[ 
E 


Impulse 


mv-mu 

= УК 

=Ap 

That is, impulse is equal to change in linear momentum. 


Impulse in a vector quantity and its SI unit is kgms" (or № s). 


1. When a high jumper leaves the ground, where does the force which throws the jumper 
upwards come from? 


2. Identify the action - reaction forces in each of the following situations: 

апап Kicks: а ооа А резнненени аа 
QD) Barth pulls the тооп. с... 0 ОЕ ОО REL Redon ТА 
COA Ва Hits a wah КК А ЫЛЕ МЫП та, а. serere rir 
3. “A person exerts a large force on an almirah to push it forward but he is not pushed 


backward because the almirah exerts a small force on him". Is the argument given 
here correct? Explain. 


3.5 Conservation of 


Momentum 


It has been experimentally shown that if two bodies interact, the vector sum of theif 
momenta remains unchanged, provided the force of mutual interaction is the only force 
acting on them. The same has been found to be true for more than two bodies interacting 
with each other. Generally, a number of bodies interacting with each other are said to b? 
forming a system. If the bodies in a system do not interact with bodies outside the system 
the system is said to be a closed system or an isolated system. In an isolated system, the 


vector sum of the momenta of bodies remains constant. This is called the law of 
conservation of momentum. 


Here, it follows that it is the total momehtum of the bodies in an isolated system remains 
unchanged but the momentum of individual bodies may change, in magnitude alone or 
direction alone or both. You may now logically ask : What causes the momentum of individual 
bodies in an isolated system to change? It is due to mutual interactions and their strengths- 


collisions, explosions, nuclear reactions, radioactive decay etc. 


3.5.1 Conservation of Momentum as a Consequence of 
Newton’s Laws 


According to Newton’s second law of motion, Eqn. (3.1), the change in momentum Ap of 

a body, when a force Е acts on it for time Ay, is 
Ap =F At 

This result implies that if no force acts on the body, the change in momentum of the body 

will be zero. That is, the momentum of the body will remain unchanged. This agrument 

can be extended to a system of bodies as well. 


Newton’s third law can also be used to arrive at the same result. Consider an isolated 
system of two bodies A and B which interact with each other for time Ar. If F,, and F, 
are the forces which they exert on each other, then in accordance with Newton's third law 


FS LN 
or fea fe 
or Ap, + Ap, =0 or 
oF Ары = 9 
or Ры 7 constant 


That is, there is no change in the momentum ofthe system. In other words io momentum 
of the system is conserved. i 


3.5.2 A Few Illustrations of Conservation of Momentum 


a) Recoil of a gun : When a bullet is fired from a gun, the gun recoils. The velocity v, of 
the recoil of the gun can be found by using the law of conservation of momentum. Let 
m be the mass of the bullet being fired from a gun of mass M. If v, is the velocity of 
the bullet, then momentum will be said to be conserved if the velocity v, of the gun isgiven 


mv, + Mv, =0 


3r mv, =- Мо, 


or v, - 7 (3.5) 


Here, negative sign shows that v, is in a direction opposite to v,. Since m << M, the recoil 
Velocity of the gun will be considerably smaller than the velocity of the bullet. 


b) Collision : In a collision, we may regard the colliding bodies as forming a system. In 
the absence of any external force on the colliding bodies, such as the force of friction, the 


Be 
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system can be considered to be an isolated system. The forces of interaction between the 
colliding bodies will not change the total momentum of the colliding bodies. 


Collision of the striker with a coin of carrom or collision between the billiared balls may be 
quite instructive for the study of collision between elastic bodies. 


[Example 3.5 : Two trolleys, each of mass m, coupled together are moving. with initial 
velocity v. They collide with three identical stationary trolleys coupled together and continue 
moving in the same direction. What will be the velocity of the trolleys after the impact? 


Solution : Let v’ be the velocity of the trolleys after the impact. 
Momentum before collision = 2 mv 

Momentum after collision = 5 mv’ 

In accordance with the law of conservation of momentum, we can write 


2mv =5 mv 


2 

or v’ = ri E 
c) Explosion of a bomb : A bomb explodes into fragments with the release of huge 
energy. Consider a bomb at rest initially which explodes into two fragments A and B. As 
the momentum of the bomb was zero before the explosion, the total momentum of the two: 
fragments formed will also be zero after the explosion. For this reason, the two fragments 
will fly off in opposite directions. If the masses ofthe two fragments are equal, the velocities 
ofthe two fragments will also be equal in magnitude. 


d) Rocket propulsion : Flight of a rocket is an important practical application of 
conservation of momentum. A rocket consists of a shell with a fuel tank, which can be 
considered as one body. The shell is provided with a nozzle through which high pressure 
gases are made to escape. On firing the rocket, the combustion of the fuel produces gases 
at very high pressure and temperature. Due to their high pressure, these gases escape 
from the nozzle at a high velocity and provide thrust to the rocket to go upward due to the 
conservation of momentum of the system. If Mis the mass of the rocket and m is the mass 


of gas escaping per second with a velocity v, the change in momentum of the gas int 
second = m ut. 


If the increase in velocity of the rocket in / second is V, the increase in its momentum = 
MV. According to the principle of conservation of momentum, 


mut + MV =0 
i oa Fee 
or t a M 


i.e., the rocket moves with an acceleration 


You may have noticed that when a batter hits a ball to make it roll along the ground, the ball 
does not continue to move forever. It comes to rest after travelling some distance. Thus, 
the momentum of the ball, which was imparted to it during initial push, tends to be zero. 
We know that some force acting on the ball is responsible for this change in its momentum. 
Such a force, called the frictional force, exists whenever bodies in contact tend to move 
with respect to each other. It is the force of friction which has to be overcome when we 
push or pull a body horizontally along the floor to change its position. 


Force of friction is a contact force and always acts along the surfaces in a direction 
opposite to that of the motion of the body. Yt is commonly known that friction is caused 
by roughness of the surfaces in contact. For this reason deliberate attempts are made to 
make the surfaces rough or smooth depending upon the requirement. 


Friction opposes the motion of objects, causes wear and tear and is responsible for loss of 
mechanical energy. But then, it is only due to friction that we are able to walk, drive 
vehicles and stop moving vehicles. Friction thus plays a dual role in our lives. It is therefore 
said that friction is a necessary evil. 


3.6.1 Static and Kinetic Friction 


We all know that certain minimum force is required to move an object over a surface. To 
illustrate this point, let us consider a block resting on some horizontal surface, as shown in 
Fig.3.4. Let some external force Е, be applied on the block. Initially the block does not 
move. This is possible only if some other force is acting on the block. The force is called 
the force of static friction and is represented by symbol /,. As Е, is increased, f, also 
increases and-remains equal to F.,, in magnitude until it reaches a critical value f/("*9, 
When F,,, is increased further, the block starts to slide and is then subject to Kinetic 
friction. It is common experience that the force needed to set an object in motion is larger 
than the force needed to keep it moving at constant velocity. For this reason, the maximum 
value of static friction f, between a pair of surfaces in contact will be larger than the 
force of kinetic friction f, between them. Fig. 3.5 shows the variation of the force of 


friction with the external force. 


For a given pair of surfaces in contact, you may like to know the factors on which f ("* 
Pu depend? It is an experimental fact that f"*? is directly proportional to the normal 
orce F,. i.e. 

n ie. 


{тк "or уо (3.6) 


Where н. is called the coefficient of static friction. The normal force F, of the surface on 
the block can be found by knowing the force with which the block presses the surface. 


сан to Fig. 3.4. The normal force F, on the block will be mg, where m is mass of the 
lock, 


Since f, = Е for f,« f,™, we can write 
f Su Fy 
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J. 
Fy 
Fa fi" ------ 
n анар H smooth sliding 
| ~ 
m F., 


(at rest) 
Fig. 3.5 : Variation of force of friction 
with external force 


Fig. 3.4 : Forces acting on the block 


F, 


Similarly, we can write 
A= AF, 


where p, is the coefficient of kinetic 
friction. In general, р, > p, Moreover, 
coefficients ц, and р, are not really constants 
for any pair of surfaces such as wood on 
mg wood or rubber on concrete, etc. Values of 
Fig. 3.6 : Normal force on the block u, and y, for a given pair of materials 
depend on the roughness of surfaces, there 

cleanliness, temperature, humidity etc. 


[Example 3.6 A 2 kg block is resting on a horizontal surface. The coefficient of static 
friction between the surfaces in contact is 0.25. Calculate the maximum magnitude of 
force of static-friction between the surfaces in contact. 


Solution : 
Here m =2 kg: and p= 0.25. From Eqn. (3.6), we recall that 
І тусы) = LF, 
=H, mg 
= (0.25) (2 kg) (9.8 ms?) 


=49N. | m 


[Example 3.7 А 5 kg block is resting on a horizontal surface for which n 0.1. What 
will be the acceleration of the block if it is pulled by a 10 N force acting on it in the 
horizontal direction? 


Solution : / 


As f= p, F, and Е, = mg, we can write 


= (0.1) (5 kg) (9.8 ms?) 
= 4.9 kgms? 24.9 № 
Net force on the block = F — f, 


=10N-49N 
X =5.1N 
Hence, 
acceleration =a = Est Э 1.02 ms? 
m 5kg 


So the block will have an acceleration of 1.02 ms? іп the direction of externally applied force 
3.62 Rolling Friction 


Itis a common experience that pushing or pulling objects such as carts on wheels is much 
easier, The motion of a wheel is different from sliding motion. It is a rolling motion. The 
friction in the case of rolling motion is known as rolling friction. For the same normal 
force, rolling friction is much smaller than sliding friction. For example, when steel wheels 
roll over steel rails, rolling friction is about 1/100" of the sliding friction between steel and 
steel. Typical values for coefficient of rolling friction р, are 0.006 for steel on steel and 
0.02 — 0.04 for rubber on concrete. ч 


We would now like you to do a simple activity : 


Pii civi | 


Place a heavy book or a pile of books on a table and try to push them with your fingers. 
Next put three or more pencils below the books and now push them again. In which case 
do you need less force? What do you conclude from your experience? 


3.03 Methods of Reducing Friction 


Wheel is considered to be greatest invention of 
mankind for the simple reason that rolling is much 
asier than sliding. Because of this, ball bearings 
are used in machines to reduce friction. In a ball- 
bearing, Steel balls are placed between two co-axial 
Е". as shown in Fig.3.6. Generally one of 
a two cylinders is allowed to turn with respect to 
е other. Here the rotation of the balls is almost 
еле. Ball-bearings find application in almost 
Ypes of vehicles and in electric motors such as 
electric fans etc, 


e 


ball-bearing 


Use of lubricants such as grease or oil between the ір. 3.6: Balls in the 


adi 


SS +++ =з 
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surfaces in contact reduces friction considerably. In heavy machines, oil is made to flow 
over moving parts. It reduces frictional force between moving parts and also prevents 
them from getting overheated. In fact, the presence of lubricants changes the nature of 
friction from dry friction to fluid friction, which is considerably smaller than the former. 


Flow of compressed and purified air between the surfaces in contact also reduces 
friction. It also prevents dust and dirt from getting collected on the moving parts. 


Fluid Friction 


Bodies moving on or through a liquid or gas also face friction. Shooting stars (meteors) 
shine because of the heat generated by air-friction. Contrary to solid friction, fluid 
friction depends upon the shape of the bodies. This is why fishes have a special 
shape and fast moving aeroplanes and vehicles are also given a fish-like shape, 
called a stream-line shape. Fluid friction increases rapidly with increase in speed. If 
a car is run ata high speed, more fuel will have to be burnt to overcome the increased 
fluid (air) friction. Car manufactures advise us to drive at a speed of 
40-45 km h^! for maximum efficiency. 


3.7 The Free Body Diagram Technique 


Application of Newton’s laws to solve problems in mechanics becomes easier by use of 
the free body diagram technique. A diagram which shows all the forces acting on a 
body in a given situation is called a free body diagram (ЕВР). The procedure to draw а 
free body diagram, is described below : 


1. Draw a simple, neat diagram of the system as per the given description. 
2. Isolate the object of interest. This object will be called the Free Body now. 


3. Consider all external forces acting on the free body and mark them by arrows touching 
the free body with their line of action clearly represented. 


4. Now apply Newton's second law ХЕ = ma 
(or ZF, = m a, and ZF, = т a,) 


Remember : (i) А net force must be acting on the object along the direction of motion. (ii) 
For obtaining a complete solution, you must have as many independent equations as the 
number of unknowns. 


[Example 3.8 : Two blocks of masses m, and m, are connected by a string and placed on а 
smooth horizontal surface. The block of mass m, is pulled by a force F acting parallel to the 
horizontal surface. What will be the acceleration of the blocks and the tension in the string 
connecting the two blocks (assuming itto be horizontal)? 


Solution : Refer to Fig. 3.7. Let a be the acceleration of the blocks in the direction of F 
and let the tension in the string be T. On applying ХЕ = ma in the component form to the 
free body diagram of system of two bodies of masses m, and т„ we get 
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N-(m, + m)g =0 N Motion, Force and Energy 
Tx Е 
and Е = (т, + m,)a ЕЧ 
m, + m, 1 
F A 


> а= wm (m, + т) & 
Fig 3.7: Free body diagram for two blocks connected by a string 


On applying ХЕ = ma in the component form to the free body diagram of m, we get 


N,-mg -0 and T=ma iussi 
. E 
7 Tm m +m "s N, 
кашк 
ad 1 mg 
“a oh ( ies Fig 3.8 


Apply XF = ma once again to the free body diagram of m, and see whether you get the | 
same expressions for a and T. 


[Example 3.9 : Two masses m, and m, (m, > m,) are connected at 
the two ends of a light inextensible string that passes over a light 
frictionless fixed pulley. Find the acceleration of the masses and the 


tension in the string connecting them when the masses are released. s T 
1 
Solution : Let a be acceleration of mass m, downward. The 
acceleration of mass m, will also be a only but upward. (Why?). Let ma 
T be the tension in the string connecting the two masses. T 
a 

On applying EF = ma to m, and m, we get p 

mg-T=ma T 

T-mg-ma {а 
On solving equations (1) and (2) for а and Т we get mg 

; Fig. 3.9 


Emm 2mm 
: E zs T E *m a 
At this stage you can check the prediction of the results thus obtained for the extreme 
values of the variables (i.e. m, and m,). Either take m, = m, or m, >> m, and see whether 
„ a and T take values as expected. 
Example 3.10 : A trolley of mass M = 10 kg is connected to a block of mass m = 2 kg 


With the help ‘of massless inextensible string passing over a light frictionless pulley as 
shown in Fig. 3.10 (a). The coefficient of kinetic friction between the trolley and the 


——— coepi s -" 
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a) acceleration of the trolley, and 
b) tension in the string. 


Solution : Fig (b) and (c) shows the free body diagrams of 
the trolley and the block respectively. Let a be the acceleration 
of the block and the trolley. 


For the trolley, F, = Mg and 
T - f, = Ma where f, = p, Fy 
Fig. 3.10 
=p, Mg 
So T- щ Mg = Ma m 
For the block mg — T= ma (2) 


On adding equations (1) and (2) we get mg - p, Mg = (M + т) a 


E ДК СЕ СМЕ _ (kg) (9.8ms 2) – (0.02) (10 kg) (9.8 ms?) 


M+m (10 kg + 2 kg) 
_ 19.6 kg ms? –1.96 kg ms? 
= ESSE YD fy > Л = 1.47 ms? 
So a = 1.47 ms? 


From equation (2) T = mg — ma = m (g - a) 
=2 kg (9.8 ms? — 1.47 ms?) 
= 2 kg (8.33 ms?) 
So T =16.66N Е 


1. A block of mass m is held оп a rough inclined surface of inclination Ө. Show in a 
diagram, various forces acting on the block. 


2. A force of 100 N acts on two blocks A and B of masses 2 kg and 3 kg respectively, 
placed in contact on a smooth horizontal surface as shown. 


* * F 
What is the magnitude of force which block A exerts on block — nil 
B? Fig: 3.11 
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3. What will be the tension in the string when a 5kg object suspended from it is pulled up Motion, Force and Energy 
with 5 
(a) a velocity of 2ms'? 


(b) an acceleration of 21572? 


3.8 Elementary Ideas of Inertial and Non Inertial Frames 


To study motion in one dimension (i.e. in a straight line) a reference point (origin) is enough. 
But, when it comes to motions in two and three dimensions, we have to use a set of 
reference lines to specify the position of a point in space. This set of lines iscalled frame 
of reference. 


Every motion is described by an observer. The description of motion will change with the 
change in the state of motion of the observer. For example, let us consider a box lying on 
a railway platform. A person standing on the platform will say that the box is at rest. A 
person in a train moving with a uniform velocity v will say that the box is moving with 
velocity —v. But, what will be the description of the box by a person in a train having 
acceleration (a). He/she will find that the box is moving with an acceleration (— a). 
Obviously, the first law of motion is failing for this observer. 


Thus a frame of reference is fixed with the observer to describe motion. If the frame is 
stationary or moving with a constant velocity with respect to the object under study (another 
frame of reference), then in this frame law of inertia holds good. Therefore, such frames 
are called inertial frames. On the other hand, if the observer’s frame is accelerating, then 
we call it non-inertial frame. 


For the motion of a body of mass m in a non-inertial frame, having acceleration (a), we 
may apply second law of motion by involving a psuedo force m a. In a rotating body, this 
force is called centrifugal force. 


Intext Questions 


1. A glass half filled with water is kept on a horizontal table in a train. Will the free 
surface of water remain horizontal as the train starts? 


2. When a car is driven too fast around a curve it skids outwards. How would a passenger 


Sitting inside explain the car’s motion? How would an observer standing on a road 
explain the event? 


A tiny particle of mass 6 x 10-'? kg is in a water suspension in a centrifuge which is 
being rotated at an angular speed of 2x x 10° rad s~. The particle is at a distance of 
4 ст from the axis of rotation. Calculate the net centrifugal force acting on the 
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тЫ 
У What You Have Learnt 


What must the angular speed of the rotation of earth so that the centrifugal force 
makes objects fly off its surface? Take g = 10 ms”. 


In the reference frame attached to a freely falling body of mass 2 kg, what is the 
magnitude and direction of inertial force on the body? 


The inertia of a body is its mend to resist any change in its state of rest or 
uniform motion. 


Newton's first law states that a body remains in a state of rest or of uniform motion 
in a straight line as long as net external force acting on it is zero. 


Fora single particle of mass m moving with velocity v we define a vector quantity p 
called the linear momentum as р = m v. 


Newton's second law states that the time rate of change of momentum of a body is 
proportional to the resultant force acting on the body. 


According to Newton's second law, acceleration produced in a body of constant 
mass is directly proportional to net external force acting on the body : Е = ma. 


Newton’s third law states that if two bodies A and B interact with each other, then 
the force which body A exerts on body B will be equal and opposite to the force 
which body B exerts on body A. A 


According to the law of conservation of momentum, if no net external force acts on 
a system of particles, the total momentum of the system will remain constant regardless 
of the nature of forces between them. 


Frictional force is the force which acts on a body when it attempts to slide, or roll 
along a surface. The force of friction is always parallel to the surfaces in contact and 
opposite to the direction of motion of the object. 


The maximum force of static friction f= between a body and a surface is proportional 
to the normal force F, acting on the body. This maximum force occurs when the 
body is on the verge of sliding. 


For a body sliding on some surface, the magnitude of the force of kinetic friction f, is 
given by f, = p, F, where p, is the coefficient of kinetic friction for the surfaces in 
contact. 


Use of rollers and ball-bearings reduces friction and associated energy losses 
considerably as rolling friction is much smaller than kinetic friction. 
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e Newton's laws of motion are applicable only in an inertial frame of reference. An Motion, Force and Energy 
inertial frame is one in which an isolated object has zero acceleration. 


e Foran object to be in static equilibrium, the vector sum of all the forces acting on it 
must be zero. This is a necessary and sufficient conditions for point objects only. 


Аста 


1, Which of the following will always be in the direction of net external force acting on 
the body? 


(a) displacement (b) velocity 
(c) acceleration (d) Change is momentum. 
2. When a constant net external force acts on an object, which of the following may not 
change? 
(a) position (b) speed (c) velocity (d) acceleration 


Justify your answer with an example each. 


3. A 0.5 kg ball is dropped from such a height that it takes 4s to reach the ground. 
Calculate the change in momentum of the ball. 


4. Inwhich case will there be larger change in momentum of a 2 kg object: 
(a) When 10 № force acts on it for 1s ? 
(b) When 10 N force acts on it for 1m ? 


Calculate change in momentum in each case. 


5... Aball of mass 0.2 kg falls through air with an acceleration of 6 ms~, Calculate the air 
drag on the ball. 


6. A load of mass 20 kg is lifted with the help of a rope at a constant acceleration. The 
load covers a height of 5 m in 2 seconds. Calculate the tension in the rope. In e recket 
m changes with time. Write down the mathmatical form of Newton's law in this case 
and interpret it physically. 


A ball of mass 0.1 kg moving at 10 m s” is deflected by a wall at the same speed in 
the direction shown. What is the magnitude of the change in momentum of the ball? 


Wall 


MODULE - 1 


Motion, Force and Energy] 8. 


А Two blocks Р and О of masses m, — 2 kg and m, =4 kg 


Find the average recoil force on a machine gun that is firing 150 bullets per minute, 
each with a speed of 900 m s~'. Mass of each bullet is 12 р. 


Explain why, when catching a fast moving ball, the hands are drawn back while the 
ball is being brought to rest. 


‚ А constant force of magnitude 20 N acts on a body of mass 2 kg, initially at rest, for 


2 seconds. What will be the velocity of the body after 
(а) 1 second from start? (b) 3 seconds from start? 


- How does a force acting on a block in the direction shown here keep the block from 


sliding down the vertical wall? 


Wall 


Fig 3.13 


- A 12 kg block is resting on a horizontal surface. The coefficient of static friction 


between the block and the surface is 0.5. What will be the magnitude and direction of 
the force of friction on the block when the magnitude of the external force acting on 
the block in the horizontal direction is 


(@)ON2  (b49N? (ISN? 


- Fora block ona surface the maximum force of static friction is 10N. What will be the 


force of friction on the block when a 5 N external force is applied to it parallel to the 
surface on which it is resting? 


- Whatminimum force F is required to keep a 5 kg block at rest on an inclined plane of 


inclination 30°. The coefficient of static friction between the block and the inclined 
plane is 0.25. 


+ Two blocks P and Q of masses m, = 2 kg and m, = 3 kg respectively are placed in 


contact with each other on horizontal frictionless surface. Some external force F 10 
N is applied to the block P in the direction parallel to the surface. Find the following 
(a) acceleration of the blocks 


(b) force which the block P exerts on block Q. 


are connected to a third block R of mass M as shown 
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in Fig. 3.14 For what maximum value of M will the system be in equilibrium? The Motion, Force and Energy 
frictional force acting on each block is half the force of normal reaction on it. 


17. Explain the role of friction in the case of bicycle brakes. What will happen if a few 
drops of oil are put on the rim? 


18. A2 kg block is pushed up an incline plane of inclination Ө = 37° imparting it a speed of 
20m s". How much distance will the block travel before coming to rest? The coefficient 
of kinetic friction between the block and the incline plane is р, = 0.5. 


Take g = 10 m s? and use sin 37° = 0.6, cos 37° = 0.8. 


Answers to Intext Questions 


1. No. The statement is true only for a body which was at rest before the application of 
force. 


2, Inertial mass 
3. Yes, as in uniform circular motion. 


4. A force can change motion. It can also deform bodies. 


l. Object of smaller mass 
2. (a) Yes (b) No. 


3. Momentum of the falling ball increases because gravitational force acts on it in the | 
direction of its motion and hence velocity increases. 


4. Incase (b) the change in momentum will be larger. It is the Е At product that gives the 
change in momentum. (ss F «A 1 
! 
5. No. Though the speed is constant, the velocity of the object changes due to changein | 
direction. Hence its momentum will not be constant. j 
3.3 
l. The jumper is thrown upwards by the force which the ground exerts on the jumper. : 
This force is the reaction to the force which the jumper exerts on the ground. | 
2. | 


(a) The force with which a man kicks a football is action and the force which the i 
football exerts on the man will be its reaction. 

(b) The force with which earth pulls the moon is action and the force which the moon 
exerts on the earth will be its reaction. 

(с) If the force which the ball exerts on the wall is ће action then the force which the | 
wall exerts on the ball will be its reaction. 
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Motion, Force and Energy| 3. No. The arguement is not correct. The almirah moves when the push by the person 
exceeds the frictional force between the almirah and the floor. He does not get 
pushed backward due to a large force of friction that he experiences due to the floor. 
On a slippery surface, he will not be able to push the almirah foward. 


3.4 


2. 40N 
3. (а) (5х9.8) № 

(b) F=(5 x 2) + (5 x 9.8) = 59 № 
3.5 


(1) When the train starts it has ап acceleration, say a. Thus the total force acting on 
water in the frame of reference attached to the train is 


F=mg-ma 
where m is the mass of the water and the glass. (Fig. 3.16). The surface of the water 
takes up a position normal to F as shown. 


mg 
2 Fig.3.16 — 
(2) To the passenger sitting inside, a centrifugal force (-mv*/r) acts on the car. The 


greater v is the larger r would be. To an observer standing on the road, the car 


moving in a curve has a centripetal acceleration given by t/r. Once again, the greater 
is v, the larger will be г. 


(3) The net centrifugal force on the particle is Е = mw? = (6 x 10" kg) х (27 х 
10? rad s'y? х (0.04 m) = 9.6 x 104N. 
(4) For an object to fly off centrifugal force (= centripetal force) should be just more 
than the weight of a body. If r is the radius of the earth then бозы mg 
r 
as U- ro ' 


5: 


Answers to Terminal Problems 


" 
2. 


‚ (a) 10 m s™ (b) 20 m s? 

- (a) ON (b) 49 N (c) -7.5 N 
. 5N 

. 142N 


. 20m 


or, angular speed о = Jg/r 
<. Any angular speed more than "ГЛ will make objects fly off. 


Zero (as it is a case of free fall of a body). 


(d) 


(a) if internal forces developed within the material counter bank the external force. A 
it happens in case of force applied on a wall. 


(b) It force is applied at right angles to the direction of motion of the body, the force 
changes the direction of motion of body and not to speed. 


0=0+(-8) х4 

10 = 40 mst 

^ AP = т(о- и) = (0.5 х 40) = 20 kg ms? 
When 10 N force acts for 1s. 

0.76 N 

250 N. 

27N 


(a) 2 m s? (b) 6N 
3kg 
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4 
MOTION IN A PLANE 


k the preceding two lessons you have studied the concepts related to motion in a straight 
line. Can you describe the motion of objects moving in a plane, i.e, in two dimensions, 
using the concepts discussed so far. To do so, we have to introduce certain new concepts. 
An interesting example of motion in two dimensions is the motion of a ball thrown at an 
angle to the horizontal. This motions is called a projectile motion. 


In this lesson you will learn to answer questions like : What should be the position and 
speed of an aircraft so that food or medicine packets dropped from it reach the people 
affected by floods or an earthquake? How should an athlete throw a discuss or a javelin so 
that it covers the maximum horizontal distance? How should roads be designed so that 
cars taking a turn around a curve do not go off the road? What should be the speed of a 
satellite so that it moves in a circular orbit around the earth? And so on. 


Such situations arise in projectile motion and circular motion. We will introduce the concepts 
of angular speed, centripetal acceleration, and centripetal force to explain this kind of 
motion. 


After studying this lesson, you should be able to : 


è explain projectile motion and circular motion and give their examples; 


je derive expressions for the time of flight, range and maximum height of a projectile; 
| € derive the equation of the trajectory of a projectile; 


e derive expressions for velocity and acceleration of a particle in circular motion; 


and 


f ө define radial and tangential acceleration. 


irst breakthrough in the description of projectile motion was made by G: 


sho ! th: it the hori izontal and vertical motimo s ес} 
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Take two cricket balls. Project one of them horizontally from the top of building. At the: | Motion, Force and Energy 
same time drop the other ball downward from the same height. What will you notice? 


You will find that both the balls hit the ground at the same time. This shows that the | 
downward acceleration of a projectile is the same as that of a freely falling body. Moreover, | 
this takes place independent of its horizontal motion. Further, measurement of time and | 
distance will show that the horizontal velocity continues unchanged and takes place | 
independent of the vertical motion. ! 


In other words, the two important properties of a projectile motion are : 
(i) a constant horizontal velocity component 


(i) a constant vertically downward acceleration component. 


€ 


The combination of these two motions results in the curved path of the projectile. 


эло 


Refer to Fig. 4.1. Suppose 
a boy at A throws a ball with 
an initial horizontal speed. 
According to Newton’s 
second law there will be no 
acceleration in the 
horizontal direction unless a 
horizontally directed force 
acts on the ball. Ignoring 
friction of air, the only force d 
acting on the ball once it is free from the hand of the boy is the force of gravity. { 


А B 


Fig4.1: Curved path ofa projectile |... : | 


Hence the horizontal speed t, of the ball does not change. But as the ball moves with this | 
Speed to the right, it also falls under the action of gravity as shown by the vector's v 


Ў 155 { E 
representing the vertical component of the velocity. Note that v= y v, +0; and is tangential | 
to the trajectory. 


Having defined projectile motion, we would like to. determine how high and how far 
does a projectile go and for how long does it remain in air. These factors are importan 
if we want to launch a projectile to land at a certain target - for instance, a footbal] | 
the goal, a cricket ball beyond the boundary and relief packets in the reach of peap 
Marooned by floods or other natural disasters. 


41.1 Maximum Height, Time of Flight and Range of a Projectile 


Let us analyse projectile motion to determine its maximum height, time of flight and range. 
In doing so, we will ignore effects such as wind or air resistance. We can characterise tlie 
initial velocity of an object in projectile motion by its vertical and horizor*al components. 
Let us take the positive x-axis in the horizontal direction and the positive y-axis in the 
Vertical direction (Fig. 4.2). 


шылык „арылы NBI p a c 


Let us assume that the initial position of the projectile is at the origin О at / = 0. As you 
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Motion, Force and Energy | know, the coordinates of the origin are x= 0, у = 0. Now suppose the projectile is launched 
with an initial velocity v, at an angle 0,, known as the angle of elevation, to the x-axis. Its 
components in the x and y directions are, 


о, =v, cos 8, (4.1 a) 


and v,, =v, sin 8, (4.1 b) 


Fig 4.2: Maximum height, time of flight and range of a projectile 


Let a, and a, be the horizontal and vertical components, respectively, of the projectile’s 
acceleration. Then 


=0; "ar dos —9.8 т s? (4.2) 


The negative sign for a, appears as the acceleration due to gravity is raya in the negative 
y direction in the chosen coordinate system. 


Notice thata, is constant. Therefore, we can use Eqns, (2.6) and (2.9) to write expressions 
forthe horizontal and vertical components of the projectile’s velocity and position at time 
t. These are given by 


Horizontal motion U 7U, — sincea =0 (4.3a) 
x =U, t= v, cos 0t (4.3b) 
Vertical motion у, =v, -gt= t, sin 0,— gt [ (4.3с) 
y =v, t- ng. =v, sint- Ag? (4.3d) 


The vertical position and velocity components are also related through Eqn. (2.10) as 
-gy =% (0-03) (4.3e) 


You will note that the horizontal motion, given by Eqns. (4.3a and b), is motion with constant 
| velocity. And the vertical motion, given by Eqns. (4.3c and d), is motion with constant 
(downward) acceleration. The vector sum of the two respective components would give 
| usthe velocity and position of the projectile at any instant of time. 


Now, let us make use of these equations to know the maximum height, time of flight and 
range of a projectile. 


(2) Maximum height : As the projectile travels through air, it climbs upto some maximum 


E^  — 3— — CO 
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height (/) and then begins to come down. At the instant when the projectile is at the Motion, Force and Energy 
maximum height, the vertical component of its velocity is zero. This is the instant 
when the projectile stops to move upward and does not yet begin to move downward. 
Thus, putting v, = 0 in Eqns. (4.3c and e), we get 


0 = V =gh, 
Thus the time taken to rise taken to the maximum height is given by 
U, ‘Uy sin®, 


Кесе E (44) 


Atthe maximum height Л attained by the projectile, the vertical velocity is zero. Therefore, 
applying 17 – w? = 2as=2 g h, we get the expression for maximum height : 


22 
Up sin“ Ө, 
FS ы ылыы A 


2g (as v = 0 and u = v, sin Ө) (4.5) 


Note that in our calculation we have ignored the effects of air resistance. This is a good 
approximation for a projectile with a fairly low velocity. 


Using Eqn.(4.4) we can also determine the total time for which the projectile is in the air. 
This is termed as the time of flight. 


(b) Time of flight : The time of flight of a projectile is the time interval between the 
instant of its launch and the instant when it hits the ground. The time given by Eq.(4.4) 
isthe time for half the flight of the ball. Therefore, the total time of flight is given by 


_ 2u,sin Ө, 
g 


T=% (4.6) 


Finally we calculate the distance travelled horizontally by the projectile. This is also called 
Its range, 


(c) Range : The range R of a projectile is calculated simply by multiplying its time of flight 
ànd horizontal velocity. Thus using Eqns. (4.3b) and (4.4), we get 
R-=(v,) 20 


ох 


= (ш, cos Ө,) (2 v, sin 0) 


_ _, Qsin Ө, cos 0,) 
ыу! ы BR 
Since 2 sin Ө cos 9 = sin 26, the range R is given by 


T vj sin 20, (47) 
8 
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Motion, Force and Energy From Eqn. (4.7) you can see that the range of a projectile depends on 

e its initial speed v, and 

e its direction given by 0,. 

| Now can you determine the angle at which a disc, a hammer or a javelin should be thrown 
x | so that it covers maximum distance horizontally? In other words, let us find out the angle 
——m м | for which the range would be maximum? 


Clearly, R will be maximum for any given speed when sin 20, = 1 or 20, = 90°. 


Thus. for R to be maximum at a given speed v,, 9, should be equal to 45°. 


| Let us determine these quantities for a particular case. 


à [Example 4.1 : In the centennial (on the occasion of its centenary) Olympics held at 
| Atlanta in 1996, the gold medallist hammer thrower threw the hammer to a distance of 
| 19.6m. Assuming this to be the maximum range, calculate the initial speed with which the 
hammer was thrown. What was the maximum height of the hammer? How long did.it 
| remain in the air? Ignore the height of the thrower’s hand above the ground. 


Solution : Since we can ignore the height of the thrower’s hand above the ground, the 
launch point and the point of impact can be taken to be at the same height. We take the 
| origin of the coordinate axes at the launch point. Since the distance covered by the hammer 
| is the range, it is equal to the hammer’s range for 0, = 45°. Thus we have from Eqn.(4.7): 


Ur, 


or о, = Re 


It is given that R = 19.6 m. Putting g = 9.8 ms? we get 


v = A (19.6m) x (9.8 ms?) =9.8,/2 ms" = 14.01ms* 


| The maximum height and time of flight are given by Eqns. (4.5) апа (4.6), respectively: 
| Putting the value of v, and sin Ө, in Eqns. (4.5) and (4.6), we get 


(9.8/2) m’s” x 8l 


| 
| 


Maximum height, = —————————-——— = 
| үтен 2x9.8ms* 49m 
| 
2x(9.8v2) ms! 1 
Time of flight, T = ————————— | = 
gh euro: (aet Д 


Now that you have studied some concepts related to projectile motion and their applications, 


| you may like to check your understanding. Solve the following problems. 
| | 
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1. Identify examples of projectile motion from among the following situations : 


(a) An archer shoots an arrow | ~~ 


at a target 
(b) Rocks are ejected from an 
exploding volcano 
(c) A truck moves on a 
mountainous road 
(d) A bomb is released from a Fig 4.3 : Trajectories of a projectile 


bomber plane. [Hint : 
Remember that at the time of release the bomb shares the horizontal motion of 
the plane.] 


(e) A boat sails in a river. 


2. Three balls thrown at different angles reach the same maximum height (Fig.4.3): 


(а) Are the vertical components of the initial velocity the same for all the balls? If 
not, which one has the least vertical component? 


(b) Will they all have the same time of flight? 
(c) Which one has the greatest horizontal velocity component? 


3. Anathelete set the record for the long jump with a jump of 8.90 m. Assume his initial 
speed on take off to be 9.5 ms''. How close did he come to the maximum possible 
range in the absence of air resistance? Take g = 9.78 ms?. 


12 The Trajectory, of a. Projectile 


The path followed by a projectile is called its trajectory. Can you recognise the shapes of 
the trajectories of projectiles shown in Fig. 4.1, 4.2 and 4.3. 


Although we have discussed quite a few things about projectile motion, we have still not 
answered the question: What is the path or trajectory of a projectile? So let us determine 
the equation for the trajectory of a projectile. 


Itis easy to determine the equation for the path or trajectory of a projectile. You just have 
to eliminate г from Eqns. (4.36) and (4.34) for x and у. Substituting the value Eden 
(4.3b) in Eqn.(4.3d) we get 
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x 1 gx x 
= d ER 4. 
y jc uto FRE t =e (4.8 a) 
Using Eqns. (4.1 a and b), Eqn (4.8a) becomes 
y = (tan 0,) x- 2—5 x (4.8 b) 
2(v, cos 0," 


as v, = v, sin Ө and v, = 0, cos Ө. 


Eqn. (4.8) is of the form y = ax + b х2, which is the equation of a parabola. Thus, if air 
resistance is negligible, the path of any projectile launched at an angle to the horizontal 
is a parabola or a portion of a parabola. In Fig 4.3 you can see some trajectories of a 
projectile at different angles of elevation. 


Eqns. (4.5) to (4.7) are often handy for solving problems of projectile motion. For example, 
these equations are used to calculate the launch speed and the angle of elevation required 
to hita target at a known range. However, these equations do not give us complete description 
of projectile motion, if distance covered are very large. To get a complete description, we 
must include the rotation of the earth also. This is beyond the scope of this course. 


Now, let us summarise the important equations describing projectile motion launched from 
a point (x,, y,) with a velocity v, at an angle of elevation, Ө. 


Equations of Projectile Motion: 
a, =0 айй (4.9 а) 
у, = v,cos 8, v, =v,sin®—-gt (4.9 b) 
x =x,+(v, cos Ө)! y =y,+ (V, sin Ө) t-(4) g P (4.9 c) 
Equation of trajectory: 


y = у,+ (tan 8) (x - x) - pU (x - xy! 
o 


Note that these equations are more general than the ones discussed earlier. The initial 
coordinates аге left unspecified as (x,, y,) rather than being placed at (0,0). Can you 
derive this general equation of the projectile trajectory? Do it before proceeding further? 


Thus far you have studied motion of objects in a plane, which can be placed in the category 
of projectile motion. In projectile motion, the acceleration is constant both in magnitude 
and direction. There is another kind of two-dimensional motion in which acceleration is 
constant in magnitude but not in direction. This is uniform circular motion, and you will 
learn about in the following section. 


Evangelista Torricelli 
(1608 — 1647) 


Italian mathematician and a student of Galelio Galili, he invented 
mercury barometer, investigated theory of projectiles, improved 


telescope and invented a primitive microscope. Disproved that 
nature abhors vacuum, presented torricellis theorem. 


4.3 Circular Motion 


Look at Fig. 4.4a. It shows the position vectors r, and r, of a particle in uniform circular 
motion at two different instants of time г, and ¢,, respectively. The word ‘uniform’ refers 
to constant speed. We have said that the speed of the particle is constant. What about its 
velocity? To find out velocity, recall the definition of average velocity and apply it to points 
P, and P,: 


ET. ded a (4.10 a) 


The motion of a gramophone record, a grinding wheel at constant speed, the moving hands 
of an ordinary clock, a vehicle turning around a corner are examples of circular motion, 
‘The movement of gears, pulleys and wheels also involve circular motion. The simplest 
kind of circular motion is uniform circular motion. The most familiar example of uniform 
circular motion are a point on a rotating fan blade or a grinding wheel moving at constant 
Speed, 


One of the example of uniform circular motion is an artificial satellite in circular orbit 
around the earth. We have been benefitted immensely by the INSAT series of satellites 
and other artificial satellites. So let us now learn about uniform circular motion. 

4.3.1 Uniform Circular Motion 


By definition, uniform circular motion is motion with constant speed in a circle, 


ie” 
P, 
P, |v "PU 
LA an 
P, P, 
(a) (5) 


Fig. 4.4(a): Positions ofa particle in uniform circular motion; (b): Uniform circular motion 
The vector Ar is shown in Fig. 4.4a. Now suppose you make the time interval At smaller 


MODULE - 1 


Motion, Force and Energy 


MODULE - 1 


Motion, Force and Energy and smaller so that it approaches zero. What happens to Ar? In particular, what is the 
direction of Ar? It approaches the tangent to the circle at point P, as At tends to zero. 
Mathematically, we define the instantaneous velocity at point P, as 


limit Ar _ dr 


v ~At>0 Ar dt 


Thus, in uniform circular motion, the velocity vector changes continuously. Can you say 
why? This is because the direction of velocity is not constant. It goes on changing 
continuously as the particle travels around the circle (Fig. 4:4b). Because of this change 
in velocity, uniform circular motion is accelerated motion. The acceleration of a particle 
in uniform circular motion is termed as centripetal acceleration. Let us learn about it in 
some detail. 


Centripetal acceleration : Consider a particle of mass m moving with a uniform speed 
vin acircle. Suppose at any instant its position is at A and its motion is directed along AX. 
After a small time At, the particle reaches B and its velocity is represented by the tangent 
at B directed along BY. 


Let г and г’ be the position vectors and v and v^; the velocities of the particle at A and B 
respectively as shown in Fig. 4.5 (a). The change in velocity Av is obtained using the 
triangle law of vectors. As the path of the particle is circular and velocity is along its 
tangent, v is perpendicular to г and v' is perpendicular to Ar. As the average acceleration 


AU 
(a = ae) is along Ай, it (i.e., the average acceleration) is perpendicular to Ar. 


Let the angle between the position vectors г and r' be AQ, Then the angle between 
velocity vectors v and v’will also be AO as the velocity vectors are always perpendicular 
to the position vectors. 


To determine the change in velocity Av due to the change in direction, consider a point Ө 
outside the circle. Draw a line OP parallel to and equal to AX (or v) anda line OQ parallel 
to and equal to BY (ог v), As [0 = |u], OP = OQ. Join РО. You get a triangle OPQ (Fig. 4.50) 


Fig. 4.5 
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Now in triangle OPQ, sides OP and OQ represent velocity vectors v and v' at A and B Motion, Force and Energy 
respectively. Hence, their difference is represented by the side PQ in magnitude and 
direction. In other words the change in the velocity equal to PQ in magnitude and direction 
takes place as the particle moves from A to B in time Av. 


Acceleration — Rate of change of velocity 


CIV TUE 


ATARA 


As At is very small AB is also very small and is nearly a straight line. Then A ACB and 
APOQ are isosceles triangles having their included angles equal. The triangles are, 
therefore, similar and hence, 


РО | oP 
AB CA 
Av р 
"s DOSES 18 


[as magnitudes of velocity vectors v, and v, — v (say)] 


Av v 
or EA IL 
At X 


Av 
But T the acceleration of the particle. Hence 
2 
"n H v 
Centripetal acceleration, a = Uu 


Since у= r c, the magnitude of centripetal force in given by 


mv 5 
F-ma--—— =mro. 
r 


As At is very small, АӨ is also very small and ZOPQ = ZOQP = 1 right angle. 


Thus PQ is perpendicular to OP, which is parallel to the tangent AX at A. Now AC is also 
Perpendicular to AX. Therefore AC is parallel to PQ. It shows that the contripetal force at 
any point acts towards the centre along the radius. 


It shows that some minimum centripetal force has to be applied on a body to make it move 
i à circular path. In the absence of such a force, the body will move in a straight line path. 
9 experience this, you can perform a simple activity. 


| piece of stone and tie it to one end of a string. Hold the other end with your 
then try to whirl the stone in a horizontal or vertical circle. Start with a small 
Speed of rotation and increase it gradually. What happens when the speed of rotation is. 


Se А 


MODULE - 1 


Motion, Force and Energy low? Do you feel any pull on your fingers when the stone is whirling. What happens to the 
stone when you leave the end of the string you were holding? How do you explain this? 


Take an aluminium channel of length one metre and bend it in the form shown in the | 
diagram with a circular loop in the middle. Take help of some technical preson if required; 


Fig. 4.5: The ball will loop if it starts rolling from a point high enough on the incline 


Roll down a glass marble from different heights of the channel on the right hand side, and 
see whether the marble is able to loop the loop in each case or does it need some minimum 
height (hence velocity) below which the marble will not be able to complete the loop and 
fall down. How do you explain it? 


Some Applications of Centripetal Force 


(1) Centrifuges : These are spinning devices used for separating materials having 
different densities. When a mixture of two materials of different densities placed in 
a vessel is rotated at high speed, the centripetal force on the heavier material will be 
more. Therefore, it will move to outermost position in the vessel and hence can be 
separated. These devises are being used for uranium enrichment. In a chemistry 
laboratory these are used for chemical analysis. 


Action of a 
: centrifuge 


Fig. 4.6: When mercury and water are rotated in a dish, the water stays inside. 
Centripetal force, like gravitational force, is greater for the more dense substance. 


(ii) Mud clings to an automobile tyre until the speed becomes too hi d then it flies 
off tangentially (Fig. 4.7). 4 igh and then 
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Fig. 4.7: Mud or water on a fast-turning wheel flies off tangentially 


(iii) Planetary motion : The Earth and the other planets revolving round the sun get 
necessary centripetal force from the gravitational force between them and the sun. 


[Example 4.2 : Astronauts experience high acceleration in their flights in space. In the 
training centres for such situations, they are placed in a closed capsule, which is fixed at 
the end of a revolving arm of radius 15 m. The capsule is whirled around ina circular path, 
just like the way we whirl a stone tied to a string in a horizontal circle. If the arm revolves 
ata rate of 24 revolutions per minute, calculate the centripetal acceleration of the capsule. 


Solution : The circumference of the circular path is 21 x (radius) = 27 x 15 m. Since the 
capsule makes 24 revolutions per minute or 60 s, the time it takes to go once around this 


н 60 
circumference is 24* Therefore, 


m 2nxl5m 
Speed of the capsule, v= 7 (60/24)s = 38 ms! 


The magnitude of the centripetal acceleration 

(38 ms ^y 
15m 

Note that centripetal acceleration is about 10 times the acceleration due to gravity. lnc 


LC" Inte Questions 42 | 


1. In uniform circular motion, (a) Is the speed constant? (b) Is the velocity constant? (c) 
Is the magnitude of the acceleration constant? (d) Is acceleration constant? Explain. 


v 
а =—= = 96 ms? 
r 


2. An athlete runs around a circular track with a speed of 9.0 т! and a centripetal 
acceleration of 3 ms?. What is the radius of the track? 


3. The Fermi lab accelerator is one of the largest particle accelerators. In this accelerator, 
Protons are forced to travel in an evacuated tube in a circular orbit of diameter 2.0 km 
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at a speed which is nearly equal to 99.99995% of the speed of light. What is the 
centripetal acceleration of these protons? Take c = 3 х 10° ms". 


4.4 Applications of Uniform Circular Motion 


So far you have studied that an object moving in a circle is accelerating. You have also 
studied Newton's laws in the previous lesson. From Newton's second law we can say that 
as the object in circular motion is accelerating, a net force must be acting on it. 


What is the direction and magnitude of this force? This is what you will learn in this 
section. Then we will apply Newton's laws of motion to uniform circular motion. This 
helps us to explain why roads are banked, or why pilots feel pressed to their seats when 
they fly aircrafts in vertical loops. i 


Let us first determine the force acting on a particle that keeps it in uniform circular motion. 
Consider a particle moving with constant speed v in a circle of radius r. From Newton's 
second law, the net external force acting on a particle is related to its acceleration by 


2 
Ет Ао ЮЕ (4.19) 


This net external force directed towards the centre of the circle with magnitude given by 
Eqn. (4.19) is called centripetal force. An important thing to understand and remember 
is that the term ‘centripetal force’ does not refer to a type of force of interaction like 
the force of gravitation or electrical force. This term only tells us that the net force of 
а certain magnitude acting on a particle in uniform circular motion is directed towards the 
centre. It does not tell us how this force is provided. 


Thus, the force may be provided by the gravitational attraction between two bodies. For 
example, in the motion of a planet around the sun, the centripetal force is provided by the 
gravitational force between the two. Similarly, the centripetal force for a car travelling 
around a bend is provided by the force of friction between the road and the car’s tyres 
and/or by the horizontal component of normal reaction of banked road. You will understand 
these ideas better when we apply them in certain concrete situations. 


{ 4.4.1 Banking of Roads 


| While riding a bicycle and taking а sharp turn, you may have felt that something is trying to 
Й throw you away from your path. Have you ever thought as to why does it happen? 


You tend to be thrown out because enough centripetal force has not been provided to keep 
you in the circular path. Some force is provided by the friction between the tyres and the 
road, but that may not be sufficient. When you slow down, the needed centripetal force 
decreases and you manage to complete this turn. 


Consider now a car of mass m, travelling with speed v on a curved section of a highway 
(Fig.4.6). To keep the car moving uniformly on the circular path, a force must act on it 
directed towards the centre of the circle and its magnitude must be equal to 
тиў?/г. Here ғ is the radius of curvature of the curved section. 


(a) (b) © 
Fig.4.6: A car taking a turn (a) ona level road; (b) ona banked road; and (c) Forces on the car with F, 
resolved into its rectangular components. Generally 0 is not as large as shown here in the 
diagram. 


Now if the road is levelled, the force of friction between the road and the tyres provides 
the necessary centripetal force to keep the car in circular path. This causes a lot of wear 
and tear in the tyre and may not be enough to give it a safe turn. The roads at curves are, 
therefore, banked, where banking means the raising of the outer edge of the road above 
the level of the inner edge (Fig. 4.6). As a matter of fact, roads are designed to minimise 
reliance on friction. For example, when car tyres are smooth or there is water or snow on 
roads, the coefficient of friction becomes negligible. Roads are banked at curves so that 
cars can keep on track even when friction is negligible. 


Let us now analyse the free body diagram for the car to obtain an expression for the angle 


of banking, 0, which is adjusted for the sharpness of the curve and the maximum allowed fi 
Speed. 


Consider the case when there is no frictional force acting between the car tyres andthe | 
Toad. The forces acting on the car are the car’s weight mg and F,, the force of normal 
Faction. The centripetal force is provided by the horizontal component of F,. Thus, resolving 
the force F, into its horizontal and vertical components, we can write 


FysinQ@ = ——— (4.20a) | 
r i 


Since there is no vertical acceleration, the vertical component of F, is equal to the car’s 
Weight: 


№ F.cos0 =mg (4.20b) # 
diii two equations with two unknowns, i.e., F and 0. То determine Ө, we eliminate 
y Dividing Eqn. (4.20 a) by Eqn. (4.20 b), we ge: 


mir wv 


tan 0 = 
mg rg 


2 


or v 
Ө -tan' — (4.21) 
rg 


H i i 
й do we interpret Eqn. (4.21) for limits on vand choice of 0? Firstly, Eqn.(4.21) tells us 
and the angle of banking is independent of the mass of the vehicle. So even large trucks 
Other heavy vehicles can ply on banked roads. 
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Motion, Force and Energy Secondly, Ө should be greater for high speeds and for sharp curves (i.e., for lower values 
of r). For a given 6, if the speed is more than v, it will tend to move towards the outer 
edge of the curved road. So a vehicle driver must drive within prescribed speed limits on 
curves. Otherwise, the will be pushed off the road. Hence, there may be accidents. 


Usually, due to frictional forces, there is a range of speeds on either side of v. Vehicles can 
maintain a stable circular path around curves, if their speed remains within this range. To 
get a feel of actual numbers, consider a curved path of radius 300 m. Let the typical speed 
ofa vehicle be 50 ms”. What should the angle of banking be? You may like to quickly use | 
Eqn.(4.21) and calculate 0. | 


(50 ms^y 
(300 m) (9.8 ms?) = tan'! (0.017) = 1? 
You may like to consider another application. 


Ө =tan' 


4.4.2 Aircrafts in vertical loops 


On Republic Day and other shows by the Indian Air Force, you might have seen pilots 
flying aircrafts in loops (Fig. 4.82). In such situations, at the bottom ofthe loop, the pilots 
feel as if they are being pressed to their seats by a force several times the force of gravity. 


Let us understand as to why this happens. Fig. 4.8b shows the ‘free body' diagram for the 
pilot of mass m at the bottom of the loop. 


ae К 
mos i 


(a) 


Fig.4.8 : (a) Aircrafts in vertical loops, (b) Free-body diagram for the pilot at the lowest point. 


The forces acting on him are mg and the normal force N exerted by the seat. The net 
vertically upward force is N — mg and this provides the centripetal acceleration: 


N-mg =ma 
or N-mg =mvr 
or М -2m(g-* vlr) 


In actual situations, if v = 200 ms" and r = 1500 m, we get 


м е Сотту 
“mE (9.8ms? x1500m) | = "8 * 3-7 


So the pilots feel as though force of gravity has been magnified by a factor of 3.7. If this 


ЕТЕ 


1 
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force exceeds set limits, pilots may even black out for a while and it could be dangerous | Motion, Force and Energy 
for them and for the aircraft. 


METTE Questions 4.3 


l. Aircrafts usually bank while taking a turn when flying 
at a constant speed (Fig.4.8). Explain why aircrafts 
do bank? Draw a free body diagram for this aircraft. 
(F, is the force exerted by the air on the aircraft). 
Suppose an aircraft travelling at a speed v= 100 ms” 
makes a turn at a banking angle of 30°. What is the radius 
of curvature of the turn? Take g = 10 ms?. 


mg 


2. Calculate the maximum speed of a car which makes a turn of radius 100 m on a | 
horizontal road. The coefficient of friction between the tyres and the road is 0.90. | 
Take g = 10 ms”. 


3. An interesting act performed at variety shows is to swing a bucket of water in a 
vertical circle such that water does not spill out while the bucket is inverted at the top | 
of the circle. For this trick to be performed sucessfully, the speed of the bucket must i 
be larger than a certain minimum value. Derive an expression for the minimum speed 
of the bücket at the top of the circle in terms of its radius R. Calculate the speed for } 
R= 1.0m. 


it 


* Projectile motion is defined as the motion which has constant velocity in a certain | 
direction and constant acceleration in a direction perpendicular to that of velocity: 


а,=0 а rar d | 
v, = v, cos 0 Шашу sin 0 -g t i 
| v? sin20 j 
* Height = — 
: 2v, sind H 
* Time of flight T= — — — i 
7 
| 
v? sin20 i 


* Range of the projectile В. = T 


— M — а I —— H————————— — BEBE 
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e Equation of the Trajectory ofa projectile у = (tan 9) x — 


8 x 
2 
2(v, cos 0,) 


Circular motion is uniform when the speed of the particle is constant. A particle, 


undergoing uniform circular motion in a circle of radius r at constant speed v has a 
centripetal acceleration given by 


v 


r rt 


where р is the unit vector directed from the centre of the circle to the particle. The 
speed v of the particle is related to its angular speed о by v — го. 


The centripetal force acting on the particle is given by 


mv 
F-ma-- —g-7mro 
r 


orem 


m 


Why does a cyclist bend inward while taking a turn on a circular path? 


Explain why the outer rail is raised with respect to the inner rail on the curved portion 
of a railway track? 


Ifa particle is having circular motion with constant speed, will its acceleration also be 
constant? 


A stone is thrown from the window of a bus moving on horizontal road. What path 
will the stone follow while reaching the ground; as seen by a observer standing on the 
road? 


A string can sustain a maximum force of 100 N without breaking. A mass of 1kg is 
tied to one end ofthe piece of string of 1m long and it is rotated in a horizontal plane. 


Compute the maximum speed with which the body can be rotated without breaking 
the string? 


A motorcyclist passes a curve of radius 50 m with a speed of 10 ms". What will be 
the centripetal acceleration when turning the curve? 


A bullet is fired with an initial velocity 300 ms" at an angle of 30" with the horizontal. 
At what distance from the gun will the bullet strike the ground? 


The length of the second's hand of a clock is 10 cm. What is the speed of the tip of 
this hand? 


You must have seen actors in Hindi films jumping over huge gaps on horse backs and 
motor cycles. In this problem consider a daredevil motor cycle rider trying to cross a 


gap at a velocity of 100 km hr". (Fig. 4.9). Let the angle of incline on either side be 
45°. Calculate the widest gap he can cross. 


. A shell is fired at an angle of elevation of 30° with a velocity of 500 m s". Calculate 


the vertical and horizontal components of the velocity, the maximum height that the 
shell reaches, and its range. 


. An aeroplane drops a food packet from a height of 2000 m above the ground while in 
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horizontal flight at a constant speed of 200 kmh~'. How long does the packet take to Motion, Force and Energy 
fall to the ground? How far ahead (horizontally) of the point of release does the | 
packet land? Ч 


Fig. 4.9 Fig. 4.10 


12. A mass m moving ina circle at speed von a frictionless table is attached to a hanging 
mass M by a string through a hole in the table (Fig.4.10). Determine the speed of the 
mass m for which the mass M would remain at rest. 

13. A car is rounding a curve of radius 200 m at a speed of 60 kmh”. What is the 
centripetal force on a passenger of mass m = 90 kg? 


Answers to Intext Questions 


4.1 


(1) (a), (b), (d) 
(2) (a) Yes (b) Yes (c) The ball with the maximum range. 
G) Maximum Range 
05 (9.5 твт) 
g 9.78ms? 
Thus, the difference is 9.23 m — 8.90 m = 0.33 m. 
4.2 


-923m 


(1) (а) Yes (b)No (c)Yes (d)No 


H 
The velocity and acceleration are not constant because their directions are changing 
continuously. 


(2) Since 
v? 2 -42 
а= E Ome p 
4 а 3ms 


(О С (310° ms")? 
r 10x10° m 
=9 x 10? ms? 


nn a a NN 
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0) This is similar to the case of banking of roads. If the aircraft banks, there is a component 
of the force L exerted by the air along the radius of the circle to provide the centripetal 
acceleration. Fig.4.11 shows the free body diagram. The radius of curvature is 


v? | 100 ms" 


RT g tan@, = (10 ea = 10. 3m= аа 


ibe ала L 


L ѕіп Ө 


mg 


Fig.4.11 


(2) The force of friction provides the necessary centripetal acceleration : 


Since the road is horizontal ЇЧ – mg 


2 
Thus n, mg = = 
or v= pgr 
or v= (0.9 x 10 m s? х 100 т)” 
v= 30 ms". 


G 


= 


Refer to Fig. 4.12 showing the free body diagram for the bucket at the top of the 
circle. In order that water in the bucket does not spill but keeps moving in the circle, 


the force mg should provide the centripetal acceleration. At the top of the circle. 


2 


THO EE 


ог? = Rg 


- v =/Re | 


ub 


Fig. 4.12 Fig. 4.13 


This is the minimum value of the bucket’s speed at the top of the vertical circle. For 


К = 1.0 m and taking g = 10 ms? we get 
v=10ms!=3.2 mst 


Answers to Terminal Problems 


2: 
6. 


10 ms" 


2 ms? 
9004/3 т 


1.05 x 10? ms"! 
77.1 m 


. v, 7250/3 ms 


vy = 250 ms" 
Vertical height = 500 m 
Horizontal range = 3125 m 


‚ t=20 s, 999.9 m 


sp mer 
m 
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> 
GRAVITATION 


H ave you ever thought why a ball thrown upward always comes back to the ground? 

Or a coin tossed in air falls back on the ground. Since times immemorial, human beings 
have wondered about this phenomenon. The answer was provided in the 17th century by 
Sir Isaac Newton. He proposed that the gravitational force is responsible for bodies being 
attracted to the earth. He also said that it is the same force which keeps the moon in its 
orbit around the earth and planets bound to the Sun. It is a universal force, that is, it is 
present everywhere in the universe. In fact, it is this force that keeps the whole universe 
together. 


In this lesson you will learn Newton's law of gravitation. We shall also study the accelera- 
tion caused in objects due to the pull of the earth. This acceleration, called acceleration 
due to gravity, is not constant on the earth. You will learn the factors due to which it 
varies. You will also study Kepler's laws of planetary motion and orbits of artificial satel- 
lites of various kinds in this lesson. Finally, we shall recount soine of the important pro- 
grammes and achievements of India in the field of space research. 


Э) Objectives | 


After studying this lesson, you should be able to: 


state the law of gravitation; 
calculate the value of acceleration due to gravity of a heavenly body; 


analyse the variation in the value of the acceleration due to gravity with height, 
depth and latitude; 


identify the force responsible for planetary motion and state Kepler s laws of 
planetary motion; 

calculate the orbital velocity and the escape velocity; 

explain how an artificial satellite is launched: 

distinguish between polar and equatorial satellites; 

state conditions for a satellite to be a geostationary satellite; 

calculate the height of a geostationary satellite and list their applications; and 
state the achievements of India in the field of satellite technology. 
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5.1 Law of Gravitation 


It is said that Newton was sitting under a tree 

when an apple fell on the ground. This set 

him thinking: since all apples and other objects 

fall to the ground, there must be some force 

from the earth acting on them. He asked 

himself: Could it be the same force which 

keeps the moon in orbit around the earth? 

Newton argued that at every point in its orbit, 

the moon would have flown along a tangent, 

but is held back to the orbit by some force 

Fig.5.1: Ateach point on its orbit, the moon (Fig. 5.1). Could this continuous ‘fall’ be due 

would have flown offalong a tangent to the same force which forces apples to fall 

but the attraction of the earth keeps to the ground? He had deduced from 

itin its orbit. Kepler’s laws that the force between the Sun 

and planets varies as 1/2. Using this result 

he was able to show that it is the same force that keeps the moon in its orbit around the 
earth. Then he generalised the idea to formulate the universal law of gravitation as. 


Every particle attracts every other particle in the universe with a force which 
varies as the product of their masses and inversely as the square of the distance 
between them. Thus, if m, and m, are the masses of the two particles, and r is the 
distance between them, the magnitude of the force F is given by. 


ра 4, 


r 


or Fee (5.1) 


The constant of proportionality, G , is called the universal constant of gravitation. Its 
value remains the same between any two objects everywhere in the universe. 
This means that if the force between two particles is F on the earth, the force between 
these particles kept at the same distance anywhere in the universe would be the same. 


One of the extremely important characteristics of the gravitational force is that it is always 
attractive, It is also one of the fundamental forces of nature. 


Remember that the attraction is mutual, that is, particle of mass т, attracts the 
Particle of mass m, and m, attracts m,. Also, the force is along the line joining the 
two particles. 


i F, Е, 
Knowing that the force is а vector quantity, does — ¢———>-------- 
Eqn. (5.1) need modification? The answer to this ЛЕЙЛИ ra Й -4 
question is that the equation should reflect both Fig.5.2: The masses m, and m, are 
magnitude and the direction of the force. As placed at a distance г,, from 


stated, йай : ; eact other. The mass т, 
the gravitational force acts along the line attracts m, with a force Fy 


ed a UK 
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joining the two particles. That is, m, attracts m, with a force which is along the line 
joining the two particles (Fig. 5.2). If the force of attraction exerted by m, on m, is 
denoted by F, and the distance between them is denoted by r,,, then the vector form of 
the law of gravitation is 


ғ, (52) 


Here î, is a unit vector from m, to m, 
In a similar way, we may write the force exerted by m, on m, as 


F, fura ty (5.3) 


As £,7 —f,,, from Eqns. (5.2) and (5.3) we find that 
Е. = -Fy 64) 


The forces F,, and Е, are equal and opposite and form a pair of forces of action and 
reaction in accordance with Newton's third law of motion. Remember that f, and f, 
have unit magnitude. However, the directions of these vectors are opposite to each other. 


Unless specified, in this lesson we would use only the magnitude ofthe gravitational force. 


The value of the constant G is so small that it could not be determined by Newton or his 
contemporary experimentalists. It was determined by Cavendish for the first time about 
100 years later. Its accepted value today is 6.67 x 107" Nm?kg?. It is because of the 
smallness of G that the gravitational force due to ordinary objects is not felt by us. 


[Example 5.1 : Kepler’s third law states (we shall discuss this in greater details later) | 
that if r is the mean distance of a planet from the Sun, and T is its orbital period, then 


r?/ Т? = const. Show that the force acting оп a planet is inversely proportional to the 
square of the distance. 


Solution : Assume for simplicity that the orbit of a planet is circular. (In reality, the orbits 
are nearly circular.) Then the centripetal force acting on the planet is 


mv? 
r 


Е = 


: Р ЖОР 2 
where vis the orbital velocity. Since V = го mtu , where T is the period, we can rewrite 


above expression as 


or ye 
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But T^c ? or Т? = Kr (Kelpler's 3rd law) 


where K is a constant of proportionality. Hence 


pe тт _ Ae mo 4mm n 
px E red 
А 1 yz 
or Faz C ES is constant for a planet) 
Before proceedins further, it is better that you check your progress. Si 


‚ Intext Questions 5.1 


1. The period of revolution of the moon acound the earth is 27.3 days. Remember that 
this is the period with respect to the fixed stars (the period of revolution with respect 
to the moving earth is about 29.5 days; it is this period that is used to fix the duration 
of a month in some calendars). The radius of moon’s orbit is 3.84 x 10° m (60 times 
the-earth’s radius). Calculate the centripetal acceleration of the moon and show that 
it is very close to the value given by 9.8 ms? divided by 3600, to take account of the 


variation of the gravity as l/r?. 


3. Using Eqn. (5.1), show that G may be defined as the magnitude of force between 
two masses of 1 kg each separated by a distance of 1 m. 


4. Тһе magnitude of force between two masses placed at a certain distance is F. What 
happens to F if (i) the distance is doubled without any change in masses, (ii) the 
distance remains the same but each mass is doubled, (iii) the distance is doubled and 


each mass is also doubled? 


5, Two bodies having masses 50 kg and 60 kg are seperated by a distance of 1m. 
Calculate the gravitational force between them. 


52 Acceleration Due to Gravity 


From Newton's second law of motion you know that a force F exerted on an object 
produces an acceleration a in the object according to the relation 


F =ma (5.5) 


The force of gravity, i.e., the force exerted by the earth on a body lying on or near its 
Surface, also produces an acceleration in the body. The acceleration produced by the 


MODULE - 1 


Motion, Force and Energy 


force of gravity is called the acceleration due to gravity. It is denoted by the symbol 
g. According to Eq. (5.1), the magnitude of the force of gravity on a particle of mass m 
on the earth’s surface is given by 


(5.6) 


where M is the mass of the earth апа R is its radius. From Eqns. (5.5) апа (5.6), we get 


mM 
mg =G R i 
5 M 
or g =G (5.7) 


Remémber that the force due to gravity on an object is directed towards the 
center of the earth. It is this direction that we call vertical. Fig. 5.3 shows vertical 
directions at different places on the earth. The 
direction perpendicular to the vertical is called the 
horizontal direction. 


Once we know the mass and the radius of the earth, 
or of any other celestial body such as a planet, the 
value of g at its surface can be calculated using 


Eqn. (5.7). On the surface of the earth, the value of 
g is taken as 9.8 ms. 


Vertical for A 


Given the mass and the radius of a satellite or a 
planet, we can use Eqn. (5.7) to find the acceleration 
due to the gravitational attraction of that satellite or Fig. 5.3: The vertical direction at any 


lanet. place is the direction to- 
PM wards the centre of earth at 
Before proceeding further, let us look at Eqn. (5.7) that point 


again. The acceleration due to gravity produced in a body is independent of its mass. This 
means that a heavy ball and a light ball will fall with the same velocity. If we drop these 


balls from a certain height at the same time, both would reach the ground 
simultaneously. 


Activity 5.1 


Take a piece of paper and a small pebble. Drop them simultaneously from a certain 
height. Observe the path followed by the two bodies and note the times at which they 
touch the ground. Then take two pebbles, one heavier than the other. Release them 
simultaneously from a height and observe the time at which they touch 
the ground. 


ES /|— |^ | COD 
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Fall Under Gravity 


The fact that a heavy pebble falls at the same rate as a light pebble, might appear a 
bit strange. Till sixteenth century it was a common belief that a heavy body falls 
faster than a light body. However, the great scientist of the time, Galileo, showed 
that the two bodies do indeed fall at the same rate. It is said that he went up to the top 
of the Tower of Pisa and released simultaneously two iron balls of considerably 
different masses. The balls touched the ground at the same time. But when feather 
and a stone were made to fall simultaneously, they reached the ground at different 
times. Galileo argued that the feather fell slower because it experienced greater 
force of buoyancy due to air. He said that if there were no air, the two bodies would 
fall together. In recent times, astronauts have performed the feather and stone ex- 
periment on the moon and verified that the two fall together. Remember that the 
moon has no atmosphere and so no air. 


Under the influence of gravity, a body falls vertically downwards towards the earth. For 
small heights above the surface of the earth, the acceleration due to gravity does not 
change much. Therefore, the equations of motion for initial and final velocities and the 
distance covered in time / are given by 

v=u+gt 


1 
s=utt (5st 
and D = 2 + 255. (5.8) 


Itis important to remember that g is always directed vertically downwards, no matter 
what the direction of motion of the body is. A body falling with an acceleration equal 
to g is said to be in free-fall. 


From Eqn, (5.8) it is clear that if a body begins to fall from rest, it would fall a distance 
h=(1/2)g? in time t, So, a simple experiment like dropping a heavy coin from a height and 
Measuring its time of fall with the help of an accurate stop watch could give us the value 
of g. If you measure the time taken by a five-rupee coin to fall through a distance of 1m, 
You will find that the average time of fall for several trials is 0.45 s. From this data, the 
value of g can be calculated. However, in the laboratory you would determine g by an 
Indirect method, using a simple pendulum. 


You must be wondering as to why we take radius ofthe earth as the distance between the 
earth and a particle on its surface while calculating the force of gravity on that particle. 
When We consider two discreet particles or mass points, the separation between them is 
just the distance between them, But when we calculate gravitational force between extended 

dies, what distance do we take into account? To resolve this problem, the concept of 
Centre of gravity of a body is introduced. This is a point such that, as far as the 
Stavitational effect is concerned, we may replace the whole body by just this point and the 
effect would be the same. For geometrically regular bodies of uniform density, such as 
Spheres, cylinders, rectangles, the geometrical center is also the centre of gravity. That is 
why We choose the center of the earth to measure distances to other bodies. For irregular 

dies, there is no easy way to locate their centres of gravity. 


ea C -— 
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Where is the center of gravity of metallic ring located? It should lie at the cente: the ring. 
But this point is outside the mass of the body. It means that the centre of gravity of a body 
may lie outside it. Where is your own centre of gravity located? Assuming that we havea 
regular shape, it would be at the centre of our body, somewhere beneath the navel. 


Later on in this course, you would also learn about the centre of mass of a body. This is 
a point at which the whole mass of the body can be assumed to be concentrated. Ina 
uniform gravitational field, the kind we have near the earth, the centre of gravity coin- 
cides with the centre of mass. 


The use of centre of gravity, or the center of mass, makes our calculations extremely 
simple. Just imagine the amount of calculations we would have to do if we have to calculate 
the forces between individual particles a body is made of and then finding the resultant ofall 
these forces. 


You should remember that G and g represent different physical quantities. G is the 
universal constant of gravitation which remains the same everywhere, while g is 
acceleration due to gravity, which may change from place to place, as we shall see in 
the next section. 


You may like to answer a few questions to check your progress. 


Intext Questions 5.2 


1. The mass of the earth is 5.97 x 10% kg and its mean radius is 6.371 x 10°m. Calculate 
the value of g at the surface of the earth. 


2) Careful measurements show that the radius of the earth at the equator is 6378 km 
while at the poles it is 6357 km. Compare values of g at the poles and at the equator. 


3. A particle is thrown up. What is the direction of g when (i) the particle is going up, (ii) 


when it is at the top of its journey, (iii) when it is coming down, and (iv) when it has 
come back to the ground? 


4. The mass of the moon is 7.3 x 10? kg and its radius is 1.74 x 105 m. Calculate the 
gravitational acceleration at its surface. 


5:3* Variation in the'Value of g 
5.3.1 Variation with Height 


The quantity R? in the denominator on the right hand side of Eqn. (5.7) suggests that the 
magnitude of g decreases as square of the distance from the centre of the earth 
increases. So, at a distance R from the surface, that is, at a distance 2R from the centre 
of the earth, the value of g becomes (1/4) th of the value of g at the surface. However, if. 


EHE  — ^ | 3^3OQ—— 


the distance Л above the surface of the earth, called altitude, is small compared with the 
radius of the earth, the value of g, denoted by g,, is given by 


ауу e» 


where g - GM/R? is the value of acceleration due to gravity at the surface of the earth. 
Therefore, 


Since (А/К) is a small quantity, (А/К)? will be a still smaller quantity. So it can be neglected 
in comparison to (А/К). Thus 


"E TEN (5.10) 
KA 
R 
Let us take an example to understand how we apply this concept. 


[Example 5.2 : Modern aircrafts fly at heights upward of 10 km. Let us calculate the 
value of g at an altitude of 10 km. Take the radius of the earth as 6400 km and the value 
of g on the surface of the earth as 9.8 ms?. 

Solution : From Eqn. (5.8), we have 


g _ 9.8 ms? 


= = = 9.77 ms”. 
g 
‚ (200 a 1.003 gi. 
6400 km 


5.32. Variation of g with Depth 


Consider a point P at a depth d inside the earth (Fig. 5.4). Let us assume that the earth is 
a sphere of uniform density p. The distance of the point P from the center of the earth is 
r 7 (К — d). Draw a sphere of radius (r — d). A mass placed at P will experience 
gravitational force from particles in (i) the shell of thickness d, and (ii) the sphere of radius 
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r. It can be shown that the forces due to all the particles 
in the shell cancel each other. That is, the net force on 
the particle at P due to the matter in the shell is zero. 
Therefore, in calculating the acceleration due to gravity 
at P, we have to consider only the mass of the sphere 
of radius (r — d). The mass M' of the sphere of radius 
(r - d) is 


DN 


Fig. 5.4: A point at depth d isat 
adistancer - R-d 
from the centre of the 
earth J 


, An 
M = in p (R - dy (5.10) 


The acceleration due to gravity experienced by a particle 
placed at P is, therefore, 


M' 4nG 
&, "Oc 33 = т Poa (10 


Note that as d increases, (R — d) decreases. This means that the value of £ decreases 
as we go below the earth. At d — R, that is, at the centre of the earth, the acceleration 
due to gravity will vanish. Also note that (R — d) = г is the distance from the centre of the 
earth. Therefore, acceleration due to gravity is linearly proportional to ғ. The variation of 
g from the centre of the earth to distances far from the earth’s surface is shown in Fig. 5.5. 


9.8 ms? 


g> 


245 ms? [--, 


о R 2R ә г> 
Fig. 5.5: Variation of g with distance from the centre of the earth 


We can express g, in terms of the value at the surface by realizing that at d= 0, we get the | 


4nG М 
surface value: g = EC pR. It is now easy to see that 


R-d d 
Zu -g2 -s(1-2). O<dsR (5.12) 


On the basis of Eqns. (5.9) and (5.12), we can conclude that g decreases with both | 
height аз well as depth. | 
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Internal Structure of the Earth 


3.94 x 10kg 


Fig.5.6: Structure of the earth (not to scale). Three prominent layers of the earth are 
shown along with their estimated masses. 


Refer to Fig. 5.6 You will note that most of the mass of the earth is concentrated in 
its core. The top surface layer is very light. For very small depths, there is hardly any 
decrease in the mass to be taken into account for calculating g, while there is a 
decrease in the radius. So, the value of g increases up to a certain depth and then 
starts decreasing, It means that assumption about earth being a uniform sphere is 
not correct. 


= 


5.3.3 Variation of g with Latitude 


You know that the earth rotates about its axis. Due to this, every particle on the earth’s 
surface excecutes circular motion. In the absence of gravity, all these particles would be 
flying off the earth along the tangents to their circular orbits. Gravity plays an important 
role in keeping us tied to the earth’s surface. You also know that to keep a particle in 
circular motion, it must be supplied centripetal force. A small part of the gravity force is 
used in supplying this centripetal force. As a result, the force of attraction of the earth on 
objects on its surface is slightly reduced. The maximum effect of the rotation of the earth is 
felt at the equator. At poles, the effect vanishes completely. We now quote the formula for 
Variation in g with latitude without derivation. If g, denotes the value of g at latitude À and 
gis the value at the poles, then 


р, =g- Ко? cosh, (5.13) 


Where % is the angular velocity of the earth and R is its radius. You can easily see that at 
the poles, 2, = 90 degrees, and hence g, = g. 


[Example 5.3: Let us calculate the value of g at the poles. 

Solution : The radius of the earth at the poles = 6357 km = 6.357 x 10°m 
The mass of the earth = 5.97 x 10% kg 

Using Eqn. (5.7), we get 

Gat the poles = [6.67 x 10-!! x 5.97 x 10% / (6.357 x 1052] ms? 


= 9,853 ms? Lj 
— EN 
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l Example 5.4: Now let us calculate the value of g at A = 60°, where radius of earth 
6371 km. 1 


Solution: Тһе period of rotation of the earth, T= 24 hours = (24 x 60 х 60) s 


Since g, = g — Ro? cos A, we can write 


5.4 Weight and Mass 
The force with which a body is pulled towards the earth is called its weight. If m is 
mass of the body, then its weight W is given by 


Since weight is a force, its unit is newton. If 
kg x 9.8 ms? = 490 N. 


The mass of a body, however, does not change. Mass is an intrinsic property of a body: 


-. frequency of the earth’s rotation = 1/T 
angular frequency of the earth о = 2n/T = 2n/(24 x 60 х 60) 
E027 x10 
Ro? cos А = 6.371 x 10° x (7.27 х 105? x 0.5 = 0.017 ms? 


g, (at latitude 60 degrees) = 9.853 — 0.017 = 9.836 ms? 


, Intext Questions 5.3 


At what height must we go so that the value of g becomes half of what it is a 
surface of the earth? 


The latitude of Delhi is approximately 30 degrees north. Calculate the differe 
between the values of g at Delhi and at the poles. 


to gravity acting on the satellite (i) using Eqn. (5.9) and (ii) using the relatio 
proportional to 1/r^, where r is the distance from the centre of the earth. 
method do you consider better for this case and why? 


W = mg (5. 


your mass is 50 kg, your weight would be 
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Therefore, it stays constant wherever the body may be situated. 


Note: In everyday life we often use mass and weight interchangeably. Spring balances, 
though they measure weight, are marked in kg (and not in N). 


Calculate the weight of an object of mass 50 kg at distances of 2R, 3R, 4R, 5R and 6R 
from the centre of the earth. Plot a graph showing the weight against distance. Show on 
the same graph how the mass of the object varies with distance. 


Try the following questions to consolidate your ideas on mass and weight. 


2. Compare your weight at Mars with that on the earth? What happens to your mass? 
Take the mass of Mars = 6 x 10? kg and its radius as 4.3 x 10° m. 


| 3. You must have seen two types of balances for weighing objects. In one case there 
are two pans. In one pan, we place the object to be weighed and in the other we 
place weights. The other type is a spring balance. Here the object to be weighed is 
suspended from the hook at the end of a spring and reading is taken on a scale. 
Suppose you weigh a bag of potatoes with both the balances and they give the same 
value. Now you take them to the moon. Would there be any change in the 
measurements made by the two balances? 


Kepler's Laws of Planetary Motion 


In ancient times it was believed that all heavenly bodies move around the earth. Greek 
n 9nomers lent great support to this notion. So strong was the faith in the earth-centred 
Universe that all evidences showing that planets revolved around the Sun were ignored. 
Wever, Polish Astronomer Copernicus in the 15th century proposed that all the planets 
а around jis Sun. In the 16th century, Galileo, based on his astronomical observations, 
ү js Copernicus. Another European astronomer, Tycho Brahe, collected a lot of 
ations on the motion of planets. Based on these observations, his assistant Kepler 


fo 
Tmulated laws of planetary motion. 
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Johannes Kepler 


German by birth, Johannes Kepler, started his career in astronomy 
as an assistant to Tycho Brahe. Tycho religiously collected the 
data of the positions of various planets on the daily basis for more 
than 20 years. On his death, the data was passed on to Kepler 
who spent 16 years to analyse the data. On the basis of his analysis, 
Kepler arrived at the three laws of planetary motion. 


He is considered as the founder of geometrical optics as he was the first person to |, 
describe the working of a telescope through its ray diagram. 


For his assertion that the earth revolved around the Sun, Galileo came into conflict 
with the church because the Christian authorities believed that the earth was at the 
centre of the universe. Although he was silenced, Galileo kept recording his obser- 
vations quietly, which were made public after his death. Interestingly, Galileo was 
freed from that blame recently by the present Pope. 


Kepler formulated three laws which govern the motion of planets. These are: 


1. The orbit ofa planet is an ellipse with the Sun at one of the foci (Fig. 5.7). (An ellipse 
has two foci.) 


Planet 


Ellipse 


Fig. 5.7: The path ofa planetis an ellipse with the Sun at one of its foci, If the time taken by th 
planet to move from point A to B is the same as from point C to D, then according tothe 
second law of Kepler, the areas AOB and COD are equal. 


2. The area swept by the line joining the planet to the sun in unit time is constant throug! 
out the orbit (Fig 5.7) 


3. The square of the period of revolution of a planet around the sun is proportional tot 
cube of its average distance from the Sun. If we denote the period by T and t* 
average distance from the Sun as г, T? a 7°, 


Let us look at the third law a little more carefully. You may recall that Newton used thi 
law to deduce that the force acting between the Sun and the planets varied as 1/r (Exampl 
5.1). Moreover, if 7, and 7, are the orbital periods of two planets and r, and r, are 
mean distances from the Sun, then the third law implies that 
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Түң 
wei es (5.15) 


The constant of proportionality cancels out when we divide the relation for one planet by 
the relation for the second planet. This is a very important relation. For example, it can be 


used to get 7,, if we know Т, r, and r.. 


[Example 5.5 : Calculate the orbital period of planet mercury, if its distance from the 
Sun is 57.9 x 10° т. You are given that the distance of the earth from the Sun is 
1.5 x 10! m. 


Solution : We know that the orbital period of the earth is 365.25 days. So, T, = 365.25 
days and r, = 1.5 x 10" m. We are told that r, = 57.9x 10? m for mercury. Therefore, the 
orbital period of mercury is given by T, 

NOn 

Trees 


On substituting the values of various quantities, we get 


Tin  |(36525) x (57.9 x10? m? 
np 32 c түз з days 
2 n (1.5х10 ) m 
= 87.6 days. | 


In the same manner you can find the orbital periods of other planets. The data is given 
below. You can also check your results with numbers in Table 5.1. 


Table 5.1: Some data about the planets of solar system 


Name of Mean distance Radius Mass 
the planet from the Sun (in terms (x10? km) (Earth Masses) 
of the distance of earth) 


Mercury 
Venus 
Earth 
Mars 
Jupiter 
Saturn 
Uranus 
Neptune 
Pluto 


Kepler’ А QAM LE 

E 5 laws apply to any system where the force binding the system is gravitational in 

eg For example, they apply to Jupiter and its satellites. They also apply to the earth 
its satellites like the moon and artificial satellites. 


lag 5.6 : A satellite has an orbital period equal to one day. (Such satellites are 
ed Beosynchronous satellites.) Calculate its height from the earth’s surface, given that 


een 


чы c 00 ЕИ RN ч. wu 


above 
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the distance of the moon from the earth is 60 R, (R, is the radius of the earth), and it 
orbital period is 27.3 days. [This orbital period of the moon is with respect to the fixed 
stars. With respect to the earth, which itself is in orbit round the Sun, the orbital period of 
the moon is about 29.5 day.] 


Solution : A geostationary satellite has а period T, equal to 1 day. For moon Т, = 273 
days and r, = 60 R,, T, = 1 day. Using Eqn. (5.15), we have 


[em]? река), 
SEDES i n 809:3* day” ^ 


г, 

| 

Remember that the distance of the satellite is taken from the centre of the earth. To find 
its height from the surface of the earth, we must subtract R, from 6.6 R,. The required 
distance from the earth’s surface is 5.6 R,. If you want to get this distance in km, | 


multiply 5.6 by the radius of the earth in km. | 
5.5.1 Orbital Velocity of Planets | 
I 


We have so for talked of orbital periods of planets. If the orbital period of a planet is Tand 
its distance from the Sun is ғ, then it covers a distance 27r in time T. Its orbital velocity is, 
therefore, 


2zr 


б» T. (5.16) 


There is another way also to calculate the orbital velocity. The centripetal force experi 
enced by the planet is ju? /r , where m is its mass, This force must be supplied by the 
force of gravitation between the Sun and the planet. If M is the mass of the Sun, then the 


gravitational force on the planet is G XH, . Equating the two forces, we get 
r 
muy. .G M, 
r ished 
so that, 


r 
Notice that the mass of the planet does not enter the above equation. The orbital velocity 
depends only on the distance from the Sun. Note also that if you substitute U from 
Eqn. (5.16) in Eqn. (5.17), you get the third law of Kepler. 


л 
л 


Intext Questions 


1. Many planetary systems have been discovered in our Galaxy. Would Kepler’s laws 
be applicable to them? 
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2. Two artificial satellites are orbiting the earth at distances of 1000 km and 2000 km 
from the surface of the earth. Which one of them has the longer period? If the time 
period of the former is 90 min, find the time period of the latter. 


3. Anew small planet, named Sedna, has been discovered recently in the solar system. 
It is orbiting the Sun at a distance of 86 AU. (An AU is the distance between the Sun 
and the earth. It is equal to 1.5 х 10!! m.) Calculate its orbital period in years. 


5.6 Escape Velocity 


You now know that a ball thrown upwards always comes back due to the force of gravity. 
If you throw it with greater force, it goes a little higher but again comes back. If you have 
a friend with great physical power, ask him to throw the ball upwards. The ball may go 
higher than what you had managed, but it still comes back. You may then ask: Is it possible 
for an object to escape the pull of the earth? The answer is ‘yes’. The object must 
acquire what is called the escape velocity. It is defined as the minimum velocity 
required by an object to escape the gravitational pull of the earth. 


It is obvious that the escape velocity will depend on the mass of the body it is trying to 
escape from, because the gravitational pull is proportional to mass. It will also depend on 
the radius of the body, because smaller the radius, stronger is the gravitational force. 


The escape velocity from the earth is given by 


2G M 
4 5.18) 
Doe R ү 
where М is the mass of the earth and R is its radius. For calculating escape velocity from 
any other planet or heavenly body, mass and radius of that heavenly body will have to be 
Substituted in the above expression. 


It is not that the force of gravity ceases to act when an object is launched with escape 
Velocity, The force does act. Both the velocity of the object as well as the force of gravity . 
acting on it decrease as the object goes up. It so happens that the force becomes zero 
before the velocity becomes zero. Hence the object escapes the pull of gravity. 


Try the following questions to grasp the concept. 
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Intext Questions 5.6 


1. Тһе mass of the earth is 5.97 x 102* kg and its radius is 6371 km. Calculate the 
escape velocity from the earth. 


2. Suppose the earth shrunk suddenly to one-fourth its radius without any change in its 
mass. What would be the escape velocity then? 


3. An imaginary planet X has mass eight times that of the earth and radius twice that of 
the earth. What would be the escape velocity from this planet in terms of the escape 
velocity from the earth? 


5.7 Artificial Satellites 


A cricket match is played in Sydney in Australia but we can watch it live in India. A game 
of Tennis played in America is enjoyed in India. Have you ever wondered what makes it 
possible? All this is made possible by artificial satellites orbiting the earth. You may now 
ask : How is an artificial satellite put in an orbit? 


You have already studied the motion of a projectile. If you project a body at an angle to 
the horizontal, it follows a parabolic path. Now imagine launching bodies with increasing 
force. What happens is shown in Fig. 5.8. Projectiles travel larger and larger distances 
before falling back to the earth. Eventually, the projectile goes into an orbit around the 
earth. It becomes an artificial satellite, Remember that such satellites are man-made 
and launched with a particular purpose in mind. Satellites like the moon are natural satellites. 


7 


Fig. 5.8 : A projectile to orbit the earth 


In order to put a satellite in orbit, it is first lifted to a height of about 200 km to minimize loss 


of energy due to friction in the atmosphere of the earth. Then it is given a horizontal push 
with a velocity of about 8 kms”. 


The orbit of an artificial satellite also obeys Kepler's laws because the controlling force is 


gravitational force between the satellite and the earth. The orbit is elliptic in nature and its 
plane always passes through the center of the earth. 


Remember that the orbital velocity of an artificial satellite has to be less than the escape 
velocity; otherwise it will break free of the gravitational field of the earth and will not orbit 
around the earth. From the expressions for the orbital velocity of a satellite close to the 
earth and the escape velocity from the earth, we can write 

e F (5.19) 
Artificial satellites have generally two types of orbits (Fig. 5.9) depending on the purpose 
for which the satellite is launched. Satellites used for tasks such as remote sensing have 
polar orbits. The altitude of these orbits is about 800 km. If the orbit is ata height of less 
than about 300 km, the satellite loses energy because of friction caused by the particles of 
the atmosphere. As a result, it moves to a lower height where the density is high. There 
it gets burnt. The time period of polar satellites is around 100 minutes. It is possible to 
make a polar satellite sun-synchronous, so that it arrives at the same latitude at the same 
time every day. During repeated crossing, the satellite can scan the whole earth as it spins 
about its axis (Fig. 5.10). Such satellites are used for collecting data for weather prediction, 
Monitoring floods, crops, bushfires, etc. 


Polar plane 


equatorial plane 


Fig.5.9: Equitorial and polar orbits 


Satellites used for communications are put in equatorial orbits at high altitudes. Most of 
these satellites are geo-synchronous, the ones which have the same orbital period 
4s the period of rotation of the earth, equal to 24 hours. Their height, as you saw in 
Example 5.6 is fixed at around 36000 km. Since their orbital period matches that of the 
earth, they appear to be hovering above the same spot on the earth. A combination of 
Such satellites covers the entire globe, and signals can be sent from any place on the globe 
to any other place. Since a geo-synchronous satellite observes the same spot on the earth 
all the time, it can also be used for monitoring any peculiar happening that takes a long time 
to develop, such as severe storms and hurricanes. 
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M d = Descending orbit 
A] West looking 


Ascending orbit 


East looking 
Fig. 5.10: A sun synchromous satellite scanning the earth 


Applications of Satellites 


Artificial satellites have been very useful to mankind. Following are some of their 
applications: 


1, Weather Forecasting : The satellites collect all kinds of data which is useful 
in forecasting long term and short term weather. The weather chart that you 
see every day on the television or in newspapers is made from the data sent by 
these satellites. For a country like India, where so much depends on timely 
rains, the satellite data is used to watch the onset and progress of monsoon: 
Apart from weather, satellites can watch unhealthy trends in crops over large 
areas, can warn us of possible floods, onset and spread of forest fire, etc. 


2. Navigation: A few satellites together can pinpoint the position of a place on 
the earth with great accuracy. This is of great help in locating our own position 
if we have forgotten our way and are lost. Satellites have been used to prepare 


detailed maps of large chunks of land, which would otherwise take a lot of time 
and energy. 


3. Telecommunication : We have already mentioned about the transmission of 
television programmes from anywhere on the globe to everywhere became 
possible with satillites. Apart from television signals, telephone and radio signals 
are also transmitted. The communication revolution brought about by artificial 


satellites has made the world a small place, which is sometimes called a global 
village. 


4. Scientific Research : Satellites can be used to send scientific instruments in 
space to observe the earth, the moon, comets, planets, the Sun, stars and galaxies. 
You must have heard of Hubble Space Telescope and Chandra X-Ray Telescope. 
The advantage of having a telescope in space is that light from distant objects 
does not have to go through the atmosphere. So there is hardly any reduction in 
its intensity. For this reason, the pictures taken by Hubble Space Telescope are 
of much superior quality than those taken by terrestrial telescopes. 


Recently, a group of Europeon scientists have observed an earth like planet out- 
side our solar system at a distance of 20 light years. 


5. Monitoring Military Activities : Artificial satellites are used to keep an eye 
on the enemy troop movement. Almost all countries that can afford cost of 
these satellites have them. 


Vikram Ambalal Sarabhai 


Born ina family of industrialists at Ahmedabad, Gujarat, India. Vikram 
Sarabhai grew to inspire a whole generation of scientists in India. His 
initial work on time variation of cosmic rays brought him laurels in 


scientific fraternity. A founder of Physical Research Laboratory, 
Ahmedabad and a pioneer of space research in India, he was the first 
to realise the dividends that space research can bring in the fields of 


communication, education, metrology, remote sensing and geodesy, etc. 


5.7.1 Indian Space Research Organization 


India is a very large and populous country. Much of the population lives in rural areas and 
depends heavily on rains, particularly the monsoons. So, weather forecast is an important 
task that the government has to perform. It has also to meet the communication needs of 
a vast population. Then much of our area remains unexplored for minerals, oil and gas. 
Satellite technology offers a cost-effective solution for all these problems. With this in 
view, the Government of India set up in 1969 the Indian Space Research Organization 
(ISRO) under the dynamic leadership of Dr. Vikram Sarabhai. Dr. Sarabhai had a vision 
for using satellitis for educating the nation. ISRO has pursued a very vigorous programme 
to develop space systems for communication, television broadcasting, meteorological 
services, remote sensing and scientific research. Ithas also developed successfully launch 
vehicles for polar satellites (PSLV) (Fig. 5.11) and geo-synchronous satellites (GSLV) 
(Fig. 5.12). In fact, it has launched satellites for other countries like Germany, Belgium 
and Korea. and has joined the exclusive club of five countries. Its scientific programme 
includes studies of. 

(i) climate, environment and global change, 
(ii) upper atmosphere, 

(ili) astronomy and astrophysics, and 

(iv) Indian Ocean. 

Recently, ISRO launched an exclusive educational satillite EduSat, first of its kind in the 
world. It is being used to educate both young and adult students living in remote places. 


It is now making preparation for a mission to the moon. 


Fig. 5.11: PSLV Fig. 5.12: GSLV 
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Intext Questions: 5.7 


Some science writers believe that some day human beings will establish colonies on 
the Mars. Suppose people living this desire to put in orbit a Mars synchronous satellite. 
The rotation period of Mars is 24.6 hours. The mass and radius of Mars are 
6.4 x 10? kg and 3400 km, respectively. What would be the height of the satellite 
from the surface of Mars? 


List the advantages of having a telescope in space. 


The force of gravitation exists between any two particles in the universe. It varies as 
the product of their masses and inversely as the square of distance between them. 


The constant of gravitation, G, is a universal constant. 
The force of gravitation of the earth attracts all bodies towards it. 


The acceleration due to gravity near the surface of the earth is 9.8 ms". It varies on 
the surface of the earth because the shape of the earth is not perfectly spherical. 


The acceleration due to gravity varies with height, depth and latitude. 
The weight of a body is the force of gravity acting on it. 
Kepler's first law states that the orbit of a planet is elliptic with sun at one of its foci. 


Kepler's second law states that the line joining the planet with the Sun sweeps equal 
areas in equal intervals of time. ` 


Kepler’s third law states that the square of the orbital period of a planet is proportional 
to the cube of its mean distance from the Sun. 


A body can escape the gravitational field of the earth if it can acquire a velocity equal 
to or greater than the escape velocity. 


The orbital velocity of a satellite depends on its distance from the earth. 


там Bor 


15 


2; 


You have learnt that the gravitational attraction is mutual, If that is so, does an apple 
also attract the earth? If yes, then why does the earth not move in response? 


We set up an experiment on earth to measure the force of gravitation between two 
particles placed at a certain distance apart. Suppose the force is of magnitude F. We 
take the same set up to the moon and perform the experiment again. What would be 
the magnitude of the force between the two particles there? 
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3. Suppose the earth expands to twice its size without any change in its mass. What 
would be your weight if your present weight were 500 N? 


4. Suppose the earth loses its gravity suddenly. What would happen to life oncthis plant? 


5. Referto Fig. 5.6 which shows the structure of the earth. Calculate the values of g at 
the bottom of the crust (depth 25 km) and at the bottom of the mantle (depth 
2855 km). 


6. Derive an expression for the mass of the earth, given the orbital period of the moon 
and the radius of its orbit. 


7. Suppose your weight is 500 N on the earth. Calculate your weight on the moon. 
What would be your mass on the moon? 


8. A polar satellite is placed at a height of 800 km from earth's surface. Calculate its 
orbital period and orbital velocity. 


swers to Intext Questions 


1. Moon'stime period T =27.3d 
=27.3 x24 x 3600s 
Radius of moon’s orbit R= 3.84 x 10° m 


2nR 


Moon's orbital speed v — T 


Centripetal accleration = 17/К 


Ar? x 3.84 x 105m 
= (273 х 24 x 3600) s? 


An! x 3.84 T 
= 273x24x36} * 07 mS 


= 00272 ms? 


If we calculate centripetal acceleration on dividing g by 3600, we get the same value : 
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= 0.00272 ms? 
Gm, m, 
F= m x 
Forcexr? | Nm? 
Fis force ~. G= (mass! = kg? 
m, m, 
.F-2G x 


If m, = lkg, т, = lkg, r = 1m, then F = G 


ог G is equal to the force between two masses of 1Кр each placed at a distance of 1m 
from each other 


. (i) F a 1/2, if r is doubled, force becomes one-fourth. 


(ii) Ро mm, if m, and m, are both doubled then F becomes 4 times. 


Am m, m, 
(iii) F a TNI 


if each mass is doubled, and distance is also doubled, then 


F remains unchanged. 


50 kg x 60 kg Nm? 
=G ———.na- Mmm 
F=G iB >G=6.68 x 10" kg 


Nm? 3000 kg? 


= 6.67 x 10°"! kg ` 


lm? 
= 6.67 х 10! x 3x 10 N 
=2 х 107 N 


5.2 


GM 


Та 


„Nm? _597x10”kg 
= 6.67 x IU ar 637110 m? 


697x597. N 
= 6.371х6371 kg 981 ms? 


GM 
Sole Км 
И к Nm?  5397x10^"kg 
= 6.67 x 107 5 + (6371x105) m? 
29 2 
= kg 9.81 ms 
Similarly, 
697x597 N 


= у т = -2 
бше = 6.378% 6.378 kg 779 MS 


3. The value of g is always vertically downwards. 


Nm? 7.3 x 10? kg 


4: Baan” 6.67 x 107 L5 X pom 


6.67 x 73 ON n 
= 174x1,74 Clg = 161 ms 


5.3 


1. Let g at distance ғ from the centre of the earth be called g,. 


Outside the earth, 


fg = 8/2 >r =2R r= J2R=1412R 
*. Height from earth's surface= 1.4142 R- R 
=0.4142R 


2. Inside the earth g varies as distance from the centre of the earth. Suppose at depth d, 


Bis called g, 


If g, =80%, then 


08 R-d 
1 
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d =02R 


3. In example 5.3, we calculated о = 7.27 х 10° rad s 
2 Ra? cos 30° = 637 x 10° x (727 x 105? s? . J3/2 =0.029 ms? 
g at poles =9.853 ms? 
(Calculated in example 5.2) 
г. g at Delhi = 9.853 ms? — 0.029 ms? 
= 9.824 ms? 
4. Using formula (5.9), 


fees ..9.81 ms? 
FOR 112000 km 


d Ine 
R 6371km 

ES 
= 9.81 m3 _ 
= 831km (ms 

6371 km 


Using variation with r 


атаи 
(R +h)? 
= Nm?  597x102^kg 
= 6.67 x 10" 57. E 
kg? (7371x108)? 2 
2733 ms? 


case h is not << А. 


5.4 


become 1/6th of your weight on the earth. The mass, however, remains constant 


2. Mass of Mars = 6 x 10? kg 
Radius of Mars = 4.3 x 105m 


This gives more accurate results because formula (5.9) is for the case ^ << R: [n this 


1. On the moon the value of gis only 1/6th that on the earth. So, your weight on moon will 


Weighton Mars _ m.2.16 _ 
Weight on Earth 7 т.981 "022 


So, your weight will become roughly 1/4th that on the earth. Mass remains constant. 


~ 3. Balances with two pans actually compare masses because g acts on both the pans and 
gets cancelled. The other type of balance, spring balance, measures weight. The bal- 
ance with two pans gives the same reading on the moon as on the earth. Spring balance 
with give weight as 1/6th that on the earth for a bag of potatoes. 


5.5 


l. Yes. Wherever the force between bodies is gravitational, Kepler's laws will hold. 


2. According to Kepler's third law 


T^ 
T= s or Т ОТТА 
2 


So, the satellite which is farther off has higher period. 
Let7, = 90 min, r, = 1000 km + 6371 km 
г, =2000 km + 6371 km 


Pe 
OETA хз MARNE DEVE SUMO Ae EES 


ERANT 


{ From the centre of the earth] 
3 
„ (8371 km ) : 
"7 (7371 j 
| 
3, According to Kepler’s third law : 
. [Distance from the Sun] 
^em (YI. 7.47 1 AU À 
(ly (86 AUY |... s 
SES M ДД 2_ (86y yr? } 
sodna САО) (во) у ү 


7.5 yr 


e of mass m at a distance r from the centre of the 
ting centripltal force with the gravitational force, we have 


т? _ GmM [бМ 
QUEE S o 


Where M is the mass of the earth. 


Eoo са ае. NN 
— 


MODULE - 1 
Motion, Force and Energy 


SERRE ARS EO 


where M is the mass of the earth. 
. From Eqs. (5.16) and (5.17), 


ч 2 24 
26.67 10-1! Na ЖЭО, дка 
kg^ 6371x10? m 
[266759710 
= $$$ ————— 1 
6.371 ШШЕ 


= 11.2 x 10° ms” = 11.3 kms” 


1 
2.0) 0 R 


If R becomes 1/4th, U,„ becomes double. 


Н M 
| 3v. {м 


TOTS ANN AAR АСТЕ tA Ion 


meezan 


If M becomes eight times, and R twice, 


then 


v.,.% V4 ого becomes double. 


5:7 
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p 


R+h =20300 кт · 
h = 26900 km 


2. (a) Images аге clearer 


(b) x-ray telescopy etc. also work. 


Answers to Terminal Problems 
3.125N 
5. =g, 5.5 ms? 


À 500 
7. Weight = pu , mass 50 kg on moon as well as on earth 


| 
ў 
| 


1 
8. T= ouf v= 7.47 km s” 
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WORK ENERGY AND POWER 


Y. know that motion of objects arises due to application of force and is described by 
| Newton's laws of motion. You also know how the velocity (speed and direction) of an 
Í object changes when a force acts on it. In this lesson, you will learn the concepts of work 
and energy. Modern society needs large amounts of energy to do many kinds of work. 
Primitive man used muscular energy to do work. Later, animal energy was harnessed to 
Í help people do various kinds of tasks. With the invention of various kinds of machines, the 
ability to do work increased greatly. Progress of our civilization now critrcally depends the 
on the availability of usable energy. Energy and work are, therefore, closely linked. 


From the above discussion you will appreciate that the rate of doing work improved with 
newer modes, i.e. as we shifted from humans — animals — machines to provide necessaly 
force. The rate of doing work is known as power. 


Objectives 


After studying this lesson, you should be able to: 

e define work done by a force and give unit of work; 
e calculate the work done by an applied force; 

e state work-energy theorem; 


e define power of a system; 


e calculate the work done by gravity when a mass moves from one point to another: 


be explain the meaning of energy; 


| € obtain expressions for gravitational potential energy and elastic potential 
energy; 


| € apply the principle of conservation of energy Jor physical system; and 


y 


| 
| 
| © apply the laws of conservation of momentum and energy in elastic. collisions: 


The word ‘work’ has different meaning for different people. When you study, you do $ 

` mental work. When a worker carries bricks and cement to higher floors of a building, he | 
is doing physical work against the force of gravity. But in science, work has a definite à 
meaning. The technical meaning of work is not always the same as the common meaning. 
The work is defined in the following way : : 


Let us suppose that a constant force F acting оп an object results in displacement d i.e. 
moves it by a distance d along a straight line on a horizontal surface, as shown іп Fig. 6.1. f 
The work done by a force is the product of the magnitude of force component in the § 


direction of displacement and the displacement of this object. 
F F 


! | 
— у ———— 


Fig 6.1: A force Fona block movesit by а horizontal distance d. The direction of force 
makes an angle Ө with the horizontal direction. 


Ifforce F is acting at angle 0 with respect to the displacement d of the object, its component 
along d will be F cos 0. Then work done by force F is given by 


W =F cos0.d (6.1) 
Invector form, the work done is given by: 
W - Е, д (6.2) 


Note that if d= 0, W= 0. That is, no work is done by a force, whatever its magnitude, if 
there is no displacement of the object. Also note that though both force and displacement 
are vectors, work is a scalar. 


JE. Activity 6.1 
You and your friends may try to push the wall ofa room. Irrespective of the applied force, 


the wall will not move. Thus we say that no work is done. 


r Unit of work is defined using Eqn.(6.2). If the applied force is in newton and displacement 
Sin metre, then the unit of work is joule. 


(Unit of Force)x(Unit of displacement) = newton . metre = Nm (6.3) 
This unit is given a special name, joule, and is denoted by J. 


One joule is defined, as the work done by a force of one newton when it produces a 
lacement of one metre. Joule is the SI unit of work. 
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Solution : W = Force x Distance 
= Mass x Acceleration x distance 
Dimension of work = [M] x [Т] x [L] „2 
= [ML?T7] a 
In electrical measurements, kilowatt-hour (kWh) is used as unit of work. It is related to 
joule as ^ 
IkWh = 3.6 х 105J ъ 


You will study the details of this unit later in this lesson. 


Example 6.2 : A force of 6N is applied on an object at an angle of 60° with the horizontal, 
Calculate the work done in moving the object by 2m in the horizontal direction. 


Solution : From Eqn. (6.2) we know that 
W = Fd cos0 i ay 
= 6x2 x cos 60° : 
= 6x2 x (14) iW 
=63 


i ГА 6.3 : A person lifts 5 Кр potatoes from the ground floor to a height of 4m to 
| bring it to first floor. Calculate the work done. E 


ü B Ж | 
ї Solution : Since the potatoes are lifted, work is being done against gravity. Therefore, We 


| can write s ИГ, 
Í Force = mg » 
=5 kgx 9.8 ms? 
à -49N 
E Work done = 49 x 4 (Nm) 
=196J 


6.1.1 Positive and Negative Work 


As you have seen, work done is defined by Eqn.(6.2), where the angle Ө between tht 
force and the displacement is also important. In fact, it leads us to the situation in Wh 
work becomes a positive or a negative quantity. Consider the examples given below: 


Fig. 6.2 (a) shows a car moving in + x direction and a force F is applied in the 
direction. The speed of the car keeps increasing. The force and the displacement both 
in the same direction, i.e. Ө = 0°. Therefore, the work done is given by 


W = Fdcos 0° 


Fd (6.4) 


The work is this case is positive. 


o_o | EE ne 
(а) (b) 
Fig.6.2: Acar is moving on a horizontal road. a) A force F is applied іп the direction of the 


moving car. It gets accelerated. b) A force F is applied in opposite directon so that the 
car comes to rest after some distance. 


Figure 6.2 (b) shows the same car moving in the +x direction, but the forze F is applied in 
the opposite direction to stop the car. Here, angle 0 = 180°. Therefore, 


i 
W = Fd cos 180°. І 
= -Еа 6.5) 


| 
Hence, the work done by the force is negative. In fact, the work done b a force shall be 
negative for Ө lying between 90° and 270°. 
From the above examples, we can conclude that 
a) When we press the accelerator of the car, the force is in the directio of motion of the 


car. As a result, we increase the speed of the car. The work done positive. 


b) When we apply brakes of a car, the force is applied in a directionopposite to its 
motion. The car loses speed and may finally come to rest. Negativework is said to 
have been done. 


€) Incasethe applied force and displacement are as right angles, i.e. Ө = 0°, no work is 
Said to be done. 


6.1.2 Work Done by the Force of Gravity 


Fig.6.3() shows a mass m being lifted to a height / and Fig. 6.3(b) shows tk same mass 
being lowered by a distance Л. The weight of the object is mg in both cass. You may 
Tecall from the previous lesson that weight is a force. 


h Fig. 6.3 (a), the work is done against the force mg (downwards) and the dsplacement 
'S upward (0 = 180°). Therefore, 


W = Fd cos 180° 
=— mgh 
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Fig6.3: а) The objectis lifted up against the force of gravity, 
b) The object is lowered towards the earth. 


In the Fig. 6.3(b), the mass is being lowered. The force mg and the displacement d are in 
the same direction (0 = 0°). Therefore, the work done 


W = Fd cos 0° 
=+ mgh (6.6) 


You must be very careful in interpreting the results obtained above. When the object is 
lifted up, the work done by the gravitational force is negative but the work done by the 
person lifting the object is positive. When the object is being lowered, the work done by 
the gravitational force is positive but the workdone by the person lowering the object is 
negative. In both of these cases, it is assumed that the object is being moved without 
acceleration. 


2Intext Questions 6.1 


1. When a particle rotates in a circle, a force acts on the particle. Calculate the work 
done by this force on the particle. 


2. Give one: example of each of the following. Work done by a force is 
a) zero 
b) negative 
c) positive 


3. A bag of grains of mass 2 kg. is lifted through a height of 5m. 


a) How much work is done by the lift force? 
b) How much work is done by the force of gravity? 


4. Aforce F- (2i +3 j ) № produces a displacements d = (-i + 2j ) m. Calculate the 
work done. 


5. Aforce F = (5i +3] ) acts on a particle to give a displacement d = (3i *4j )m 
8) Calculate the magnitude of displacement 


b) Calculate the magnitude of force. 


€) How much work is done by the force? 


6.2. Work Done; by A: Variable Force 


You have so far studied the cases where the force acting on the object is constant. This 
may not always be true. In some cases, the force responsible for doing work may keep 
varying with time. Let us now consider a case in which the magnitude of force F(x) 
changes with the position x ofthe object. Let us mow calculate the work done by a variable 
force. Let us assume that the displacement is from x, to Xp where x, and x are the initial 
and final positions. In such a situation, work is calculated over a large number of small 
intervals of displacements Ax. In fact, Ax is taken so small that the force F(x) can be 
assumed to be constant over each such interval. The work done during a small 
displacements Ax is given by 


AW = F(x) Ax (6.7) 
| a 3 E | 
Ах x > x, DE. xr 


964: Avarying force F moves ће object from the initial position x, to final position x, The 
Variation of force with distance is shown by the solid curve (arbitrary) and done is 
numerically equal to the shaded area. 

F(x) Ax is numerically equal to the small area shown shaded in the Fig. 6.4(a). The total 

‚ Work done by the force between x, and x, is the sum of all such areas (area of all strips 

added together): Ў 


—_ m 


CT 
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= DF (x) Ах 


(6.8) 


The width of the strips can be made as small as possible so that the areas of all strips 
added together are equal to the total area enclosed between x, and ху. It will give the total 
work done by the force between x, and x, 

W= УЕ(х) Ах (6.9) 


lim Ax0 
6.2.1 Work done by a Spring 


A very simple example of a variable force is the force exerted by a spring. Let us derive, 
the expression for work done in this case. 


Fig. 6.5(a) shows the equilibrium position of a light spring whose one end is attached toa 
rigid wall and the other end is attached to a block of mass m. The system is placed опа 
smooth horizontal table. We take x-axis along the horizontal direction. Let mass m be at 
position x = 0. The spring is now compressed (or elongated) by an external force F. An 
internal force F, is called into play in the spring due to its elastic property. This force F, | 
keeps increasing with increasing x and becomes equal to F when the compression (or 
elongation) is maximum at x = x, . 


According to Hooke’s law (true for small x only), Е | = kx, where К is known as spring 
constant. Since the direction of F, is always opposite to compression (or extension), it is 
written as : 


F-F--kx (6.10) 


x*0 
LU 


Fig.6.5: Aspring-mass system whose one end is rigidly fixed and mass m, rests on a smooth 
horizontal surface. a) The relaxed position of the spring’s, free end at x = 0; b) The 
spring is compressed by applying external force F and c) Pulled or elongated by an 
external force F. The maximum compression/ elongation is x ; 


Let us now calculate the work done and also examine, if it is positive or negative. In the 
event of compression of the spring, the external force F is directed towards left and the 
displacement x is also towards left. Hence, the work done by the external force is 
positive. However, for the same direction of displacement, the restoring force generated 
in the spring is towards right, i.e. F and x are oppositely directed. The work done by the 
spring force is negative. You can yourself examine the case of extension of the spring 
and arrive at the same result: “the work done by the external force is positive but the 


work done by the spring force is negative and its magnitude is (2) kx? " 
Asimple calculation can be done to derive an expression for the work done. At x = 0, the 


force F = 0. As x increases, the force F, increases and becomes equal to F when x = x 
Since the variation of the force is linear with displacement, the average force during 


F, 
-> . The work done by 


0+Е, 
compression (or extension) can be approximated to ( 2 ) Fa) 


the force is given by 


W = force . displacement 


Е, 
2 


1 
A 


But Е =k|x_ |. Hence 


1 
W- 2 x, Xa 


А, she, (6.11) 


The work done can also be obtained graphically. It is shown in Fig. 6.6. 


------|ESk, 


Fig, 6.6: The work done is numerically equal to the area of the shaded triangle. 
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base x height 


Ep (6.12) 


Measuring spring constant 


Suspend the spring vertically, as shown in ` 
Fig. 6.7 (a). Now attach a block of mass т 
to the lower end of the spring. On doing so, 
„the spring extends by some distance. 1 
Measure the extension. Suppose it is 5, as 
shown in Fig 6.7 (b). Now think why does 
the spring not extend further. This is because 
the spring force (restoring force) acting 
upwards balances the weight mg of the block 
in equilibrium state. You can calculate the 
spring constant by putting the values in 


Fig. 6.7: Extension in a spring under a F, = ks 
load. 
or mg =ks 
Thus, = "8 (6.13) 


5 


l'Example 6.4: A mass of 2 kg is attached to a light spring of force constant 


k=100 Nm”. Calculate the work done by an external force in stretching the spring by 
10 cm. 


Solution: 
W-lke 
2 
1 
= 5 х 100x (0.17 Fig. 6.8: A mass m = 2 kg is attached toa 
Spring on a horizontal surface. 
-50x0.0120.5J 


As explained earlier, the work doen by the restioning force in the spring = – 0.5 J. id 


bcc EM X X33 33————— —— —— 
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1. Define spring constant. Give its SI unit. 


2. A force of 10 N extends a spring by 1cm.How much force is needed to extend this 
spring by 5 cm? How much work will be done by this force? 


63 Power 

You have already iearnt to calculate the work done by a force. In such calculations, we did | 
not consider whether the work is done in one second or in one hour. In our daily life, $ 
however, the time taken to perform a particular work is important. For example, a man | 
may take several hours to load a truck with cement bags, whereas a machine may dothis | 
work in much less time. Therefore, it is important to know the rate at which work is done. | 
The-rate at which work is done is called power. ү 


If AW work is done in time At, the average power is defined as 


Work done 
Average Power = ime taken 


Mathematically, we can write 


LPR RR A 


AW 
p=— = (64) 
At ў 
Ifthe rate of doing work is not constant, this rate may vary. In such cases, we may define f 
Instantaneous power P i 
oe ТАЙ | 
DE limit | AW | 4 (6.15) i 
M—0 VA) dt uod 
The definition of power helps us to determine the SI unit of power: 
AW 
Р Ее 


at ' 
= joule/ second = watt 


h 


Thus, the SI unit of power is watt. It is abbreviated asW. 


f fan agent doing work is 1W, if one joule of work is done by it in one second. 
| 
The more common units of power are kilowatt (KW) and megawatt (MW). 


1 kW = 10 W, and 1 MWe 105W 


pue UU MESSENGER 


MODULE - 1 


Motion, Force and Energy James Watt 


(1736-1819) 


Scottish inventor and mechanical engineer, James Watt is renowned 


for improving the efficiency of a steam engine. This paved the way 
for industrial revolution. 


He, introduced horse power as the unit of power. SI unit of power 
watt is named in his honour. Some of the important inventions by 
James Watt are : a steam locomotive and an attachment that adapted telescope to 

measure distances. : | 


[Example 6.5 : Determine the dimensions of power. 


р work 
Solution : Since Pa 
time | 
Distance 
Force x ——— 


Time 

Di: 

-. Dimension of P = [Mass] x [Acceleration] x cum 
[L] [fü 

= [M] x H x T E 

= [MLT] 


You may have heard electricians discussing the power of a machine in terms of the horse 
power, abbreviated as hp. This unit of power was under British system. It is a larger unit: | 

Ihp = 746 W (616) | 
The unit of power is used to define a new unit of work (energy). One such unit of work is 
kilowatt hour. This unit is commonly used in electrical measurement. 


kilowatt. hour (kWh) = kW. hour | 
= 10° W. hour | 
10°J | 

TOR * 3600s 


= 36,00,0004 =3.6x 105J 


Or 1 kWh = 3.6 MJ (mega joules) 5.17) 
The electrical energy that is consumed in homes is measured in kilowatt-hour, In common 
{ man's language : IKWh = 1 Unit of electrical consumption. 


l. A body of mass 100 kg is lifted through a distance of 8 m in 10s. Calculate the power 
ofthe lifter. 
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6.5 Work and Kinetic Energy 


As you know, the capacity to do work is called energy. If a system (object) has energy, it 
has ability to do work. An automobile moving on a road uses chemical energy of fuel 
(CNG, petrol, diesel). It can push an object which comes on its way to some distance. 
Thus it can do work. All moving objects possess energy because they can do work before 
they come to rest. We call this kind of energy as kinetic energy. Kinetic energy is the 
energy of an object because of its motion. 


Let us consider an object of mass m moving along a straight line when a constant force of 
Magnitude F acts on it along the direction of motion. This force produces a uniform 
acceleration a such that F = та. Let v, be the speed of the object at time /,. This speed 
becomes v, at another instant of time /,. During this interval of time / = (1, — 1, ), the object 
covers a distance, s. Using Equations of Motion, we can write 


2 


vj = vj +245 


ог с Хонае (6.18) 
25 


Combining this result with Newton’s second law of motion, we can write 


v-v; 


F=m x 
2s 


We know that work done by the force is given by 


W = Fs 
Hence, W=m х 218) $ 
25 
p a 2 
= —mv;- —mv, 
2m 
= K,-K, (6.19) 


1 2 1 1 
Where K= 737V and К, = — mv; respectively denote the final and initial kinetic energies. 


iG — К.) denotes the change in kinetic energy, which is equal to the work done by the 
Orce, 


Kinetic Energy is a scalar quantity. It depends on the product of mass and the square of 


SSS eee NN 
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| 
| 

large. It is the total value 2" v? that determines the kinetic energy. | 
| 


[Example 6.6 : A body of mass 10 kg is initially moving with a speed of 4.0 ms“. A | 
force of 30 N is now applied on the body for 2 seconds. 


i) What is the final speed of the body after 2 seconds? 
} ii) How much work has been done during this period? 
iii) What is the initial kinetic energy? 

iv) What is the final kinetic energy? | 
у) What is the distance covered during this period? 


vi) Show that the work done is equal to the change in kinetic energy? 


Solution : 
8D Force (F) = ma 
jor a=Fim 
=30/10 
=3 ms? 
The final speed U, = U,* at 


=4+(3 х2) = 10 ms? 


ii) The distance covered іп 2 seconds: | 


1 
PUT 38 


= (4х2)+ 5 (3х4) 


=8 +6 = 14 т 


Work done W=FxS 
=30х 14=420 J 


4 ii) The initial Kinetic Energy 


K, = jme 


1 
5 (10 x16) = 80 J 
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1 
K, = gm 
1 t 
"s (10 x100) = 500 J 


v) The distance covered as calculated above = 14m 
vi) The change in kinetic energy is: 
K,- К, = (500 – 80) = 420 J 
As may be seen, this is same as wok done. E 
Work-Energy Theorem 


The work-energy theorem states that the work done by the resultant of all forces 
acting on a body is equal to the change in kinetic energy of the body. 


1. 15 it possible for a particle to have a negative value of kinetic energy? Why? 


2- What happens to the kinetic energy of a particle if 
8) The speed v of the particle is made 2v. 
b) The mass m of the particle is made m/2 ? 1 


3- A particle moving with a kinetic energy 3.6 J collides with a spring of force constant 
180 Nm”. Calculate the maximum compression of the spring. 


4 Acar of mass 1000 kg is moving at a speed of 90 kmh”. Brakes are applied and 
the car stops at a distance of 15 m (rom the prekine point. What is the average 
force applied by brakes? If the car stops in 255 after braking . calculate the 


verage power of the brakes? 


If an external force does 375 J of work in соз npressing a spring, how much work is 
done by the Spring itself? 


Inthe previous section we have discussed that a moving object has kinetic energy associated 


O ———É—É———————Á—B—É—————M—MMM————Á—MM— eee 
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with it. Objects possess another kind of energy due to their position in space. This energy 
is known as Potential Energy. Familiar example is the Gravitational Potential Energy 
possessed by a body in Gravitational Field. Let us understand it now. 


6.6.1 Potential Energy in Gravitational Field 


Suppose that a person lifts a mass m from a given height 
h, to a height h, above the earth’s surface. Let us also 
assume that the value of acceleration due to gravity 
remains constant. The mass has been displaced by a 
distance А = (h, — h, ) against the force of gravity. The 
magnifude of this force is mg and it acts downwards. 
Therefore, the work done by the person is 


W =force х distance 
= mgh (6.20) 


The work is positive and is stored in mass m as energy. 

This energy by virtue of the position in space is called 

gravitational potential energy. It has capacity to do 

work, If this mass is left free, it will fall down and during 

Fig.6.9: Object of mass m the fall it can be made to do work. For example, it can lift 
originally atheighth, another mass if properly connected by a string, which is 
above theearth’ssur- passing over a pulley. 


face is moved to a А И 
height h, The selection of the initial height h, is arbitrary. The 


important concept is the change in height, i.e. (h, — ^). 
We, therefore, say that the point of zero potential energy is arbitrary. Any point in space 
can be chosen as a point of zero potential energy. Normally, a point on the surface of the 
earth is assumed to be the reference point with zero potential energy. 


p 6.7 : A truck is loaded with sugar bags. The total mass of the load and the 
truck together is 100,000 kg. The truck moves on a winding path up a mountain to a height 
of 700 m in 1 hour. What average power must the engine produce to lift the material? 


Solution : W = mgh 

= (100,000 kg) х (9.8 m s? x 700 m) 
| 

= 9.8x 7x 107] 

| = 68.6 х 107J 
| Time taken = 1 hour = 60 x 60s 
| — 3600 s, 
Ё ; 
| Average Power, Р = W/t 


Ң _ 68.6105 
| ~ 3600s 


ee 


= 1.91 х 10°\ү 
We know that 746 W =1һр 


w 1.91x10° 


74g 7 7 2:56 * 10 = 256 hp. 44 


[Example 6.8: Hydroelectric power generation uses falling water as a source of energy 
to turn turbine blades and generate electrical power. In a power station, 
1000 x 10° kg water falls through a height of 51 m in one second. 


i) Calculate the work done by the falling water? 
ii) How much power can be generated under ideal conditions? 


Solution : 


i) The potential energy of the water at the top = mgh 
Р.Е. = (1000 x 10? kg) х (9.8 ms?) х (51 m). 
=9.8 x 51 x 10°] 
= 500 x 10°J 


Water loses all its potential energy. The same is converted into work in moving the turbine 
blades. Therefore 


W = Force х distance 
-mgxh 
=:1000 x 10° x (9.8) x 51) 
= 500 x 105J 
=500MJ 

ii) The work done per second is given by 

P = Wi | 

_ 500M] | 
Is | 

= 500 MW | 


Ideal conditions mean that there is no loss of energy duc to frictional forces. In practice, | 


there is the always some loss in machines. Such losses can be minimized but can never be 4 
eliminated, ji 


6.6.2 Potential energy of springs i 


You now know that an external force is required to compress or stretch a given spríng. 

ese situations are shown in Fig. 6.5. Let there be a spring of force constant К. This 
Spring is compressed by a distance x. From Eqn.(6.11) we recall that work done by the 
External force to compress the spring is given by 
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bounces back and the elastic potential energy of the spring is converted into kinetic energy 
of the mass m. 


| 6.6.3 Conservation of Energy 


|| We see around us various forms of energy but we are familiar with some forms more than 
|| others. Examples are Electrical Energy, Thermal Energy, Gravitational Energy, Chemical 
Energy and Nuclear Energy etc. These forms of energy are very closely related in the 
sense that one can be changed to another. There is a very fundamental law about energy. 
It is know n as Law of Conservation of Energy. It states, * The total energy of an 
isolated system always remains constant." The energy may change its form. It can 
be converted from one form to other. But the total energy of the system remains unchanged. 
In an isolated system, if there is any loss of energy of one form, there is a gain of an equal 
amount of another form of energy. Thus energy is neither created nor destroyed. The 
universe is also an isolated system as there is nothing beyond this. It is therefore said that 
the total energy of the universe always remains constant in spite of the fact that variety of 
changes are taking place in the universe every moment. It is a law of great importance. It 
has led to many new discoveries in science and it has not been found to fail. 


In a Thermal Power Station, the chemical energy of 
coal is changed into electrical energy. The electrical 
energy runs machines. In these machines, the 
electrical energy changes into mechanical energy, light 
energy or thermal energy. 


The law of conservation of energy is more general 
than we can think of. It applies to systems ranging 
from big planets and stars to the smallest nuclear 
particles. 


(a) Conservation of mechanical energy during 
the free fall of a body 


| Fig. 6.10; Mass mislifted toaheight We now wish to test the validity of the law of 
h from earth’s surface. It conservation of energy in case of mechanical energy; 


is then lowered toa height which is of immediate interest. 
h, at point P. The total 


energy at Pissameasthat Let us suppose that an object of mass m lying on the 

at the highest point. ground is lifted to a height л. The work done is mgl 

which is stored in the Object as potentia! energy. This 

object is now allowed to fall freely. Let us calculate the energy of this object when it has 

j fallen through a distance A. The height of the object now above the earth surface is /, ^ 
h—h, (Fig 6. 10). At this point P, the potential energy = mgh, 


$ When the object falls freely, it gets accelerated and gains in speed. We can calculate the 
| speed of the object when it has fallen through a height h, from the top positions using the 
! equation 


| U = и? + 2gs (6.21) 
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where г is the initial speed at the height Л, i.e. u = 0 and s = h,. Then, we have Motion, Force and Energy 
1? = 2gh, ETN 
The kinetic energy at point P is given by 
K.E = утә 
т 
Ri) х 2gh, 
= mgh, (6.22) 


The total energy at the point P is 
Kinetic Energy + Potential Energy = mgh + mgh, 

= mgh ER (6.23) 
This is same as the potential energy at the highest point. Thus, the total Energy is 
conserved. 


(b) Conservation of Mechanical Energy for a Mass Oscillating on a Spring 


Fig. 6.11 shows a spring whose one end is fixed to a rigid wall and the other end is 
Connected to a wooden block lying on a smooth horizontal table. This free end is at x, in 
the relaxed position of the spring. A block of mass m moving with speed v along the line of 
the spring collides. with the spring at the free end, and compresses it by x,,. This is the 


; fed] Ў 
maximum compression. At х the total energy of the spring-mass system is 2 ті. It is 


the kinetic energy of the mass. The potential energy of the spring is zero. At the point of | 


lia UM 1 
extreme compression, the potential energy of the spring is 3 X, and the kinetic energy of 


the mass is zero, The total energy now is she. Obviously, this means that 


2 


CBE EUER 
е *. ——> 
Fi | ' 
611: A block of mass m moving with velocity von a horizontal surface collides with the 


Spring. The maximum compression isx,, 


КЕ+ PE (Before collision) = К.Е. + P.E. (After collision) 


n — wl 
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2 
i.e., the total energy is conserved. 


— uy ; Conservation of mass-energy in nuclear reactions 


Nuclear energy is different from other forms of energy in the sense that it is not 
obtained by the transformation of some other form of energy. On the contrary, it is 
obtained by transformation of mass into energy. 


Hence, in nuclear reacions, the law of conservation of mass and the law of 
conservation of energy merge into a single law of conservation of mass-energy. 


[Example 6.9 : A block of mass 0.5 kg slides down a smooth curved surface and falls 
through a vertical height of 2.5m to reach a horizontal surface at B (Fig 6.12). On the 
basis of energy conservtion, calculate, i) the energy of the block at point A, and ii) the 
speed of the block at point B. 


Solution : 
i) Potential energy at А = mgh = (0.5) х (9.8) x 2.5 J 
| =49x2.5J 
= 12.25 Ј 


The kinetic energy at = 0 and 
Total Energy = 12.25 J 


ii) The total energy of the block at A must be the 
same as the total energy at B. 


The total energy (P.E. + K.E.) at А = 12.25 J 


1 
The total energy (P.E. + K.E.) at B= gm Fig.6.12: A block slides on a curved 
surface. The total energy" 


Since Р.Е. at B is zero, the total energy is only К.Е. o tential о ЫЫ 
jme -1225 miri 
_ 1225х2 
0.5 
= 1225х4 
u? =49.00 
Hence v=7.0 ms" 


Note: This can also be obtained from the equations of motion: 
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1? = y + 2gx 

= 0+2х9,8х25 | fe : 
v -49 | F 
v-7ms! "t me 


Notes 
6.5.4 Conservative and dissipative (Non conservative) Forces 


the product of the weight of the object and its vertical 
displacement. If an object is moved from a point A to 
a point B under gravity, (Fig 6.13), the work done by 
gravity depends on the vertical separation between 
the two points. It does not depend on the path followed 
to reach B starting from A. When a force obeys this 
rule, it is called a conservative force. Some of the 
examples of conservative forces are gravitational force, 
elastic force and electrostatic force. 


A conservative force has a property that the work 
done by a conservative force is independent of 
path. In Fig 6.13 (a) 


(a) Conservative forces 
We have seen that the work done by the gravitational force acting on an object depends on 
W,, (along 1) = W,, (along 2) zi 


Fig. 6.13 (b) shows the same two positions of the 
object. The object moves from A to B along the path 1 
and returns b; th 2. By definition, 
th S back to A along the path 2. By definition, 6.13: s) Theobjectis moved 

work done by a conservative force along path | is thas À GB shag eve i 
equal and opposite to the work done along the path 2. different paths. b) It is | 
taken from A to Balong | 
path 1 and brought back 
to A along path 2. 


У ав (along 1) = —W,,, (along 2) 


or Wy + Way =0 (6.27) 


This result brings out an important property of the conservative force in that the work | 
done by a conservative force on an object is zero when the object moves around a. 
closed path and returns back to its starting point. i 


(b) Non-conservative Forces 


f 
The force of friction is a good example of a non-conservative force. Fig. 6.14 shows a 1 
Tough horizontal surface. A block of mass m is moving on this surface with a speed vat the | 


Point A. | 
Айег Moving a certain distance along a straight line, the block stops at the point В. The | 


block had a kinetic energy E = jme at the point A. It has neither kinetic energy пог ^ 


T———————————————7n cue 


MODULE - 1 


Motion, Force and Energy potential energy at the point B. It has lost all its energy. Do you know where did the energy 
go? It has changed its form. Work has been done against the frictional force or we can say 
that force of friction has done negative work on the block, The kinetic energy has changed 
to thermal energy of the system. The block with the same kinetic energy E is now taken 
from A to B through a longer path 2. It may not even reach the point B. It may stop much 
before reaching B. This obviously means that more work has to be done along this path. 
Thus, it canbe said that the work done depends on the path. 


Path 2 


A Path 1 B 


| Fig. 6.14: A block which is given an initial speed v ona rough horizontal surface, moves along 
a straight line path 1 and comes to rest at B. Itstarts with the same speed vat A but now 
moves along a different path 2. 


PE Intesi Questions 6.5 : 


1. ABC is a triangle where AB is horizontal and BC is 
vertical. The length of the sides AB = 3m, BC = 4m 
and AC-5m. A block of mass 2 kg is atA. What is the 
change in potential energy of the block when 


a) it is taken from A toB B A 
b) from B to C Fig. 6.15 
c) from C to A 


d) How much work is done by gravitational force in moving the mass form B toC 
(positive or Negative work)? 


2. Aball of mass 0.5 kg is at A. at a height of 10m above the ground. Solve EU LE 
| the following questions by applying Work-energy principle. In free fall | 
a) What is the speed of the ball at В? Bor" 10m 
b) What is the speed of the ball at the point C? | 


с) How much work is done by gravitational force in bringing the ball 


с 
6.16 
from A to C (give proper sign)? thes 


3. А block at the top of an inclined plane slides down. 
^ The length of the plane BC = 2m and it makes an C 
angle of 30° with horizontal. The mass of the block 1 : 

is2 kg. The kinetic energy ofthe block at the point B pos 
is 15.6 J. How much of the potential energy is lost B 


due to non-conservative forces (friction). How much 
is the magnitude of the frictional force? 


Energy (E) > 


4. The Figure shows two curves A and B between 
energy E'and displacement x of the bob of a simple 


pendulum. Which one represents the P.E. ofthe bob and Displacement (x) > 
de Fig. 6.18 


5. When non- conservative forces work on a system, does the total mechanical 
energy remain constant? 


6.6 Elastic and inelastic collisions 


Let us consider a system of two bodies. The system is a closed system which implies that 
no external force acts on it. The system may consist of two balls or two springs or one ball 
and one spring and so on. When two bodies interact, it is termed as collision. There are no 
external forces acting on the system. 


Let us start with a collision of two balls and to make the analysis simpler, let there be a 
“head-on” or “central collision”. In such collisions, colliding bodies move along the line 
Joining their centres. The collisions are of two kinds : 


(i) Perfectly Elastic Collision: If the forces of interaction between the two bodies are 
Conservative, the total kinetic energy is conserved i.e, the total kinetic energy before 
Collision is same as that after the collision, Such collisions are termed as completely 
elastic collisions. 


(ii) Perfectly Inelastic collision: When two colliding bodies stick together after the 
Collision and move as one single unit, it is termed as perfectly inelastic collision. It 
is like motion of a bullet embedded in a target. 


You should remember that the momentum is conserved in all types of collisions. 
y? But kinetic energy is conserved in elastic collisions only. 


6.6.1 Elastic Collision (Head-on) 


Let two balls A and B having masses m, and m, respectively collide “head-on”, as shown 
in Fig. (6.19). Let v, and о, be the veloeities of the two balls before collision and о, and 
"be their velocities after the collision . 


—————————— SS ИИИ 
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Before Collision After Collision 
(b) 
Before Collision After Collision 


Fig.6.19 : Schematic representation of Head-on collision (a) Elastic collision; (b) In elastic collision 
Now applying the laws of conservation of momentum and kinetic energy, we get 
For conservation of momentum 


PIU, + тй, = т, + тй, (6.28) 


For conservation of kinetic energy 


1 
zmyU (6.29) Р 


|ы: 
zn + 5 


1 Иру м 
5 MUn t ет = 2 


2 2 

al 

There are only two unknown quantities (velocities of the balls after collision) and there 
are two independent equations (Eqns. (6.28) and (6.29)]. The solution is not difficult, but 
a lengthy one. Therefore, we quote the results only ; 


Vy)= — (Uy 0,) (6.30) 
TOT 2mgUg, n Uy (my — mg) (6.31). 
vm +m, Mait Ma 
v =-_2А®м (M= My) Va (6.32) 
"oO my * ls (m, + ть) 


We now discuss some special cases. 


CASE І: Suppose that the two balls colliding with each other are identical i.e. т m 
m. Then the second term in Eqns. (6.31 and (6.32) will drop out resulting in 


Dy = Dy, (6.33) 
and Vay = Vy (6.34) 


Thats, if two identical balls collide “head-on”, their velocities after collision get interchanged: 
After collision: i) the velocity of A is same as that of B before collision. 
ii) the velocity of B is same as that of A before collision. 


#eyand Power | MODULE - 1 
Now, think what would happen if one of the balls is at rest before collision? Motion, Force and Energy 
Let B be at rest so that v,, = 0. Then v, = 0 and v, = Vy 
After collision, A comes to rest and B moves with the velocity of A before collision. 


Similar conclusion can be drawn about the kinetic energy of the balls after collision. Complete 
loss of kinetic energy or partial loss of kinetic energy (m, #m,) by.A is same as the gain 
in the kinetic energy of B. These facts have very important applications in nuclear reactors 
in slowing down neutrons. 
CASE II : The second interesting case is that of collision of two particles of unequal 
masses. › 
i) Let us assume that m, is very large compared to m, and particle В is initially at rest : 
mg?» m, and о, =0 

Then, the mass m, can be neglected in comparison to m,. From Eqns. (6.31) and (6.32), 
we get 

Vy 
and Uy © 0 


‘After collision, the heavy particle continues to be at rest. The light particle returns back on 
its path with a velocity equal to its the initial velocity. 


= Vy, 


This is what happens when a child hits a wall with a ball. 


These results find applications in Physics of atoms, as for example in the case where an 


& ~ particle hits a heavy nucleus such as uranium. 


Kc охо. | 


1 Two hard balls collide when one of them is at rest. 
a) Is it possible that both of them remain at rest after collision? 
b) Is it possible that one of them remains at rest after collision? 


2. There is a system of three identical balls A B C on a v 
straight line as shown here. B and C are in contact and at AOPK) 
rest. A moving with a velocity v collides “head-on” with 


B. After collision, what will be the velocities of A, B and Fig. 6.20 
C separately? Explain. 


3. Ball Aofmass2 kg collides head-on with ball 
B of mass 4 kg. A is moving in + x direction 
with speed 50ms* and B is moving in -x 
direction with speed 40ms-'. What are the 
velocities of A and B after collision? The 
collision is elastic. 


ae 


A bullet of mass 1 kg is fired and gets embedded into a block of wood of mass 1 kg 
initially at rest. The velocity if the bullet before collision is 90m/s. 


a) What is the velocity of the system after collision. 
b) Calculate the kinetic energies before and after the collision? 
c) Is it an elastic collision or inelastic collision? 


d) How much energy is lost in collision? 


Inan elastic collision between two balls, does the kinetic energy of each ball change 
after collision? 


T. 
way rat You Have Learnt 


е Work done by a constant force F is 
W = Kd = Fd cos 


Where 0 is the angle between F and d. The unit of work is joule. Work is a scalar 
quantity. 


Work is numerically equal to the area under the F versus x graph. 


Work done by elastic force obeying Hooke's law is W = je where k is force 


constant of the elastic material (spring or wire). The sign of W is positive for the 
external force acting on the spring and negative for the restoring force offered by 
spring. x is compression or elongation of the spring. 


The unit of k is newton per metre (N m.) 
Power is the time rate of doing work. P = W/t its unit is J/s i.e., watt (W) 


Mechanical energy of a system exists in two forms (i) kinetic energy and (ii) Potential 
energy. 


Kinetic energy of mass m moving with speed v is E = т. It is a scalar quantity. 


The Work-Energy Theorem states that the work done by all forces is equal to the 
change in the kinetic energy of the object. 
= К-К = АК 
Work done by a conservative force опа particle is equal to the change in mechanical 
energy of the particle, that is change in the kinetic energy + the change in potential 
energy. In other words the mechanical energy is conserved under conservative forces- 


A E = (E- E) + (E, E) 
= (AE), + (AE), 


NUM" 3 Se 


e Work done by a conservative force on an object is zero for a round trip of the object 
(object returning back to its starting point). 


* Work done by a conservative force does not depend on the path of the moving object. 
It depends only on its initial and final positions. 


е Work done is path dependent for a non-conservative force. The total mechanical 
energy is not conserved. 


* The potential energy of a particle is the energy because of its position in space in a 
conservative field. 


* Energy stored in a compressed or stretches spring is known as elastic potential energy. 


1 
It has a value 2 kx?, where k is spring constant and x is diplacement. 


* The energy stored in a mass т near the earth’s surface is mgh. It is called the 
gravitational potential energy. Here h is change in vertical co-ordinate of the mass. 
The reference level of zero potential energy is arbitrary. 


* Energy may be transformed from one kind to another in an isolated system, but it can 
neither be created nor destroyed. The total energy always remains constant. 


*  Lawsofconservation of momentum always hold good in any type of collision. 


* The kinetic energy is also conserved in elastic collision while it is not conserved in 
inelastic collision. 


Gb: comm 


l. Iftwo particles have the same kinetic energy, are their momenta also same? Explain. 


A particle in motion collides with another one at rest. Is it possible that both of them 
are at rest after collision? 


Does the total mechanical energy ofa system remain constant when dissipative forces 
Work on the system? 

A child throws a ball vertically upwards with a velocity 20 m s". 

(a) At what point is the kinetic energy maximum? 

(b) At what point is the potenital energy maximum? 

A block of mass 3kg moving with a velocity 20ms" collides with a spring of force 
constant 1200 Nm-". Calculate the rnaximum compression of the spring. 


What will be the compression of the spring in question 5 at the moment when kinetic 
energy of the block is equal to twice the elastic potential energy of the spring? 

The power of an electric bulb is 60W. Calculate the electrical energy consumed in 30 
days if the bulb is lighted for 12 hours per day. 

1000kg of water falls every second from a height of 120m. The energy of this falling 
Water is used to generate electricity. Calculate the power of the generator assuming 


no losses, 
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The speed of a 1200 kg car is 90 km h” on a highway. The driver applies brakes to 
stop the car. The car comes to rest in 3 seconds. Calculate the average power of the 
brakes. У 


. А 400g ball moving with speed 5 ms“ has elastic head-on collision with another ball 


of mass 600g initially at rest. Calculate the speed of the balls after collision. 


. A bullet of mass 10g is fired with an initial velocity 500 m s-'. It hits a 20kg wooden 


block at rest and gets embedded into the block. 
(a) Calculate the velocity of the block after the impact 


(b) How much energy is lost in the collision? 


. Anobject of mass 6kg. is resting on a horizontal surface. A horizontal force of 15N 


is constantly applied on the object. The object moves а distance of 100m in 10 seconds. 
(a) How much work does the applied force do? 

(b) What is the kinetic energy of the block after 10 seconds? 

(c) What is the magnitude and direction of the frictional force (if there is any)? 
(d) How much energy is lost during motion? 


- A, B, C and D are four point on a hemispherical cup placed inverted on the ground. 


Diameter BC = 50cm. A 250g particle at rest at A, slide down along the smooth 


surface of the cup. Calculate it's A 

(a) Potential energy at A relative to B. D 
(b) Speed at the point B (Lowest point). 

(c) Kinetic and potential energy at D. B OUR c 


Do you find that the mechanical energy of the block is conserved? Why? d 


The force constant of a spring is 400N/m. How much work must be done on the 


spring to stretch it (a) by 6.0cm (b) from x = 4.0cm to x = 6.0 cm, where x = 0 is the 
relaxed position of the spring. 


- The mass of a car is 1000kg. It starts from rest and attains a speed of 15 ms" in 


3.0seconds. Calculate 
(a) The average power of the engine. 


(b) The work done on the car by the engine. 


озуго Jutext Ovestions» 


6.1 


1. 


The force always works at right angle to the motion of the particle. Hence no work is 
done by the force. 


2. (a) Work done is zero (i) when there is no displacement of the object. (ii) When the 


angle between force and the displacement is 90°. 


When a mass moves on a horizontal plane the work done by gravitation force is 
zero. 
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2. (a) Work done is zero (i) when there is no displacement of the object. (ii) When the Motion, Force and Energy 
angle between force and the displacement is 90°. 
When a mass moves on a horizontal plane the work done by gravitation force is 
zero. 


(b) When a particle is thrown verically upwards, the work done by gravitational force 
is negative. 


(c) When a particle moves in the direction of force, the work done by force is positive. 
3. (a) W= mgh-2x9.8x 5798) 

(b) The work done by gravity is —98 J 
&F-Qi*3j)  d=(i+2j) 

W-F.d =(21+3j).Ci+2j) 

2+6=4 
$F-Gi«3j) а=(зі+4ј) 

(à) |d|= +16 = ./55=5 т 

(b) |Е|= (25 +9 = J34 = 5.83 

(©) W = Fa =(51+3]).631+4}) 

= 15+12= 27] 

6.2 


l. Spring constant is defined as ће restoring force per unit displacement. Thus, it is 
measured in Nm". 


2; к= 10 = 103 


lcm 1/100т 


= 100 М3 т 


N 
ÅS F= kx for x = 50 cm. F = (10%) оз п) 


= 50 М. 
we! = ALN CS VS me 
29-7 ;* m "o 190)" 
=1.25Nm=1.25J. 
6.3 
. mgh (100x9. 
А 2 _ (100%9.8%8) x98x8) 5 784W. 
10s 
2. 10 х 746 


I0H.p = (19 х 746) № = Ww 


1000 
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1. КЕ. = jmv. It is never negative because 


(i) m is never negative 


(ii) v? is always positive. 
2. (a) КЕ= im =E 
When v is made 2v , K.E becomes 4 times and E becomes 4£ 


Ў Е 
(6) When m becomes F E becomes 2 


3. РЕ. of spring = he? =3.6J 


ee 2x36 _ 2x 3.6 


k 180 ^ 0.04m 


and х= 0.2m = 20cm. 


4. 12= 10 —2as Final velocity is zero and initial velocity is 


-25ms' 


F= та = 1000 x 20.83=20830N. 


W _ 20830x15 


Power = Ws Aire STA 12498W 


5. Work done by external force = 375 J 
Work done by spring =— 375 J 
| 6.5 
1. (a) O, no change in P.E. 
(b) Change in Р.Е. = мой = 2x9.8x4- 784] 
(c) Change in P.E. = 78.4 J. 
(d) — 78.4 J. 


2. (a) Change in P.E. from = mgh = 0.5 x 9.8 х 4 = 19.6] 


b) v=14ms"' 
(c) mgh = 0.5 x 9.8 x 10 = 49.0 J (+ positive) 
W=+49J 
3. BC=2m 


Е 
ВС sin30 
AC = BC sin30° 


E. 
Change in Р.Е. from C to B=mgh=2x9.8x1 =19.6J 
But the K.E. at B is = 15.6 J 

Energy lost = 19.6 – 15.6 = 47 
This loss is due to frictional force 
4J=Fxd=Fx2 

F=2N 


4. When the bob of a simple pendulum oscillates, its К.Е. is max atx = 0 and min at x= 
х„. The P.E. is min at x = 0 and max at x = x,. Hence A represents ће Р.Е. curve. 


5. No. 
6.6 


l. (а) No, because, it will go against the low of conservation of linear momentum. 


(b) yes. 


A BC 
0,70, 0,70, 0. =v 
` This condition only satisfies the laws of conservation of (i) linear momentum and 
(ii) total kinetic energy. 


3. v= 2myUy , Uy, — Mo) 3 
m, + ть е dde 


= 2x4x(-40) 50(-2) 


6 6 


6 6 
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|] 
ч 
a 
3 
a 


2m,v,, zu (mg — m, ) Us, 


6 6 
200 _ 80 
6 6 
120 
= = 20 ms* 


Thus ball A returns back with a velocity of 35 ms”! and ball B moves on with a velocity 
of 20 ms”. 


4. (a) 1.76 ms". 
(b) 81 J and 1.58 J 
(c) Inelastic collision 


(d) 79.42 J 


5. yes, but the total energy of both the balls together after collision is the same as it was 
before collision. 


Answers to Terminal Problem 
5.71701; 

6. 0.707 т 

7. 21.6kW 

8. 1.2 mega watt 

9. 125kW 


ig mel» -l 
EHE NE 6 ms 


П. (а) 025 mst 
(b) 1249.4 J 


b "NETS (a) 1500 J (b) 1200J (с) 3 N opposite to the direction of motion 
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MOTION OF RIGID BODY 


$ faryou have learnt about the motion ofa single object, usually taken as a point mass. 
This simplification is quite useful for learning the laws of mechanics. But in real life, 
objects consist of very large number of particles. A tiny pebble contains millions of particles. 
Do we then write millions of equations. one for each particle? Or is there a simpler way? 
While discovering answer to this question you will learn about centre of mass and moment 
of inertia, which plays the same role in rotational motion as does mass in translational 
motion, 


You will also study an important concept of physics, the angular momentum. If no external 
force acts on a rotating system, its angular momentum in conserved. This has very important 
implications in physics. It enables us to understand how a swimmer is able to somersault 
While diving from a divin g board into the water below. 


Э Objects] 


After Studying this lesson, you should be able to : 


% define the centre of mass of a rigid body: 


® explain why motion of a rigid body is a combination of translational and rotational 


Motions; 

define moment of inertia and. state theorems of parallel and perpendicular axes; 
define torque and find the direction of rotation produced by it; 

Write the equation of motion of a rigid body; 

State the principle of conservation of angular momentum; and 


calculate the velocity acquired by a rigid body at the end of its motion on an 
inclined plane. 
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As mentioned earlier, point masses are ideal constructs, brought in for simplicity in 
discussion. In practice, when extended bodies interact with each other and the distances 
between them are very large compared to their sizes, their sizes can be ignored and they 

` : may be treated as point masses. Can you give two examples of such cases where the 
sizes of the bodies are not important? Sizes of stars are small as compared to the size of 
the galaxy. So, stars can be considered as point masses. Similarly, in the earth-moon 
system, moon’s size can be ignored. But when we have to consider the rotation of a body 
about an axis, the size of the body becomes important. When we consider the rotation of 
a system, we generally assume that during rotation, the distances between its constituent 
particles remain fixed. Such a system of particles is called a rigid body. 


A rigid body is one in which the separation between the constituent particles does not 
change with its motion. 


This definition implies that the shape ofa rigid body is preserved during its motion. However, 
like a point mass, a rigid body is also an idealisation because, if we apply large forces, the 
distances between particles do change, may be infinitesimally. Therefore, in nature there 
is nothing like a perfectly rigid body. For most purposes, a solid body is good enough 
approximation to a rigid body. A cricket ball, a wooden block, a steel disc, even the earth 
and the moon could be considered as rigid bodies in this lesson. 


Can water in a bucket be considered a rigid body? Obviously, water in a bucket 
cannot be a rigid body because it changes shape as bucket is pushed around. 


You may now like to check what you have understood about a rigid body. 


l. A frame is made of six wooden rods. The rods are firmly attached to each other. Ca? 
this system be considered a rigid body? 


2. Cana heap of sand be considered a rigid body? Explain your answer. 


Before we deal with rigid bodies consisting of several particles, let us consider a simpler 
case. Suppose we have a system of two particles having same mass joined by weightless 
and inextensible rod. Can we consider this system as a rigid body? 


In this system, the distance between the two particles is fixed. So it is a rigid body. 


Suppose that the two particles are at heights z, and z, from a horizontal surface (Fig. 7! ) 
Suppose further that the gravitational force is uniform in the small region in which the two 
particles move about. The force on each particle will be mg. The total force acting ОП the 
sysiem is therefore 2mg. We have now to find a point C somewhere in the system 50 that 
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if a force 2mg acts at that point located at a 
height z from the horizontal surface, the motion 
of the system" would be the same as with two 1 
forces. The potiential energies of particles 1 and 
2 are mgz, and mgz,, respectively. The potential 
energy of the particle at C is 2mgz. Since this 
must be equal to the combined potential energy 
ofthe two particles, can write Fig. 7.1 : Two particle system 


2 mgz = mgz, + mgz, (7.1) 


„ырс 
ог 2 2 (7.2) 


Note that the point C lies midway between the two particles. If the two masses were 
unequal, this point would not have been in the middle. If the mass of particle 1 is m, and 
that of particle 2 is m,, Eqn. (7.1) modifies to 


(m, + mj) gz = m,gz, + m, 82, (73) 
so that 


721.723 
12 a 
(m, +m,) 


(74) 
The point C is called the centre of mass (CM) ofthe system. As such, it is a mathematical 
tool and there is no physical point as CM. 
To grasp this concept, study the following example carefully. 


[Example 7.1 : If in the above case, the mass of one particle is twice that of the other, let 
us locate the CM. 


Solution : т = m and m,=2 т, Then Eqn. (7.4) gives 


mz*2mz 2+223 
z- (т+2 т): эл 3 А! 


When а body consists of several particles, we generalise Eqn (7.4) to define its см: 
the particle with mass т j has coordinates (x, Yp 2) with respect to some coordinate 
System, mass m, has coordinates (к, y» 2) and so on (Fig.7.2), the coordinates of 
CM are given by 


N 


m, x, 
—Ü he (15) 
x= =н T 
т + т, +. Ут 


i=l 
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mi y, 
Similarly y= = (7.6) 
. N | 
d m, 2, 
2,“ Еір. 7.2: C.M.ofa body апа z= 2: d (12) | 
7 consisting of several M 


particles 


N 
where Ут denotes the sum over all the particles 
i=l 


N 
and, therefore, Ут is the total mass of ће body, М. 
i=l 


Why should we define CM so precisely? 


Recall that the rate of change of displacement is velocity, and the rate of change of 
velocity is acceleration. If a, denotes the component of acceleration of particle 1 along 
the x-axis and so on, from Eqn. (7.5), we can write 


M a, = та, + m,a, +... (1.8) 


where a, is the acceleration of the centre of mass along x-axis. Similar equations can be 
written for accelerations along y- and z-axes. These equations can, however, be combined 
into a single equation using vector notation : 


Ma = та, + ma, +... (7.9) 


But the product of mass and acceleration is force. т, a, is therefore the sum of all forces 
acting on particle 1. Similarly, m, a, gives the net force acting on particle 2. The right hand 
side is, thus, the total force acting on the body. 


The forces acting on a body can be of two kinds. Some forces can be due to sources 
outside the body. These forces are called the external forces. A familiar example is the 
force of gravity. Some other forces arise due to the interaction among the particles of the 
body. These are called internal forces. A familiar example is cohesive force. 


In the case of a rigid body, the sum of the internal forces is zero because they cancel each 

other in pairs. Therefore, the acceleration of individual particles of the body are due to the 

sum or resultant of the external forces. In the light of this, we may write Eqn. (7.9) 45 
Ma-F,, (7.10) 


This shows that the CM of a body moves as though the entire mass of the body wert 
located at that point and it was acted upon by the sum of all the external forces 
acting on the body. Note the simplification introduced in the derivation by defining the 
centre of mass. We donot have to deal with millions of individual particles now, only the 
centre of mass needs to be located to determine the motion of the given body. The 


ш ^— ^B ш 


that the motion of the CM is determined by the external forces and that the internal forces 


have no role in this at all leads to very interesting consequences. 


You are familiar with the motion of a projectile. Can you recall what path is traced by a 


projectile? 


The motion is along a parabolic path. Suppose 
the projectile is a bomb which explodes in mid 
air and breaks up into several fragments. The 
explosion is caused by the internal forces. 
There is no change in the external force, which 
is the force of gravity. The centre of mass of 
the projectile, therefore, continues to be the 
same parabola on which the bomb would have 
moved if it had not exploded (Fig. 7.3). The 
fragments may fly in all directions on different 
parabolic paths but the centre of mass of the 


various fragments will lie on the original parabola. 


You might have now understood the importance of the concept of centre of mass of a 
tigid body. You will encounter more examples of importance in subsequent sections. Let 
Us therefore see how the centre of mass of a system is obtained by taking a simple 


example. 


[Example 7.2 : Suppose four masses, 1.0 kg, 
2.0 kg, 3.0 kg and 4.0 kg are located at the 
corners of a square of side 1.0 m. Locate its 
centre of mass? 


Solution : We can always make the square: 


liein a plane. Let this plane be the (x,y) plane. 
Further, let us assume that one of the corners 
coincides with the origin of the coordinate 
system and the sides are along the x and y 
axes, The coordinates of the four masses are : 
m, (0,0), m, (1.0,0), m, (1.0,1.0) and m, (0, 1.0), 
Where all distances are expressed in metres 
(Fig.7.4). 

From Eqns. (7.5) and (7.6), we get 


10x 0 +2.0 x 1.0 + 30x 10€ 40x 0 


ыл. 10+20+30+40 
=0.5т 
and 10х0+2.0х0+30х10+40х10 
7 10420 30-40 


=0.7m 
The CM has coordinates (0.5 m, 0.7 m 


is not at the centre of the square although the square isa 
What could be the reason for the CM not being at the centre? To discover answer 


) and is marked C in Fig.7.4. Note that the CM 
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X 
Explosion 
Path of 
CM 
о х 


Fig.7.3 : Centre of mass ofa projectile 


7 (1.0, 1.0) 


m, 


Fig. 7.4: "Locating CM of four masses 
placed at the corners ofasquare 


m 


symmetrical figure. 


to this question, calculate the coordinates of CM if all masses are equal. 


re 


/3,2.1 CM of Some Bodies 
Fhe position of centre of mass of extended bodies can not be easily calculated because a 
‘gry large number of particles constituting the body have to be considered. The fact that 
ihe particles of a rigid body have same mass and are uniformly distributed makes things 
somewhat simpler. If the body is regular in shape and possesses some symmetry, say it is 
&ylindrical or spherical, the calculation is a little bit simplified. But even such calculations are 
ond the scope of this course. However, keeping in mind the importance of CM, we give in 

ble 7.1 the position of CM of some regular, symmetrical bodies. 


Two things must be remembered about the centre of mass : (i) It may be outside the body 

as in case ofaring. (ii) When two bodies revolve around each other, they actually revolve 

around their common centre of mass. For example, stars in a binary system revolve around 
Table 7.1 Centres of Mass of some regular symmetrical bodies 


Position of Centre of Mass 


Triangular plate 


Point of intersection of the three medians 


Regular polygon and circular plate 


At the geometrical centre of the figure 


Cylinder and sphere 


At the geometrical centre of the figure 


Pyramid and cone 


On line joining vertex with centre of base and at 
h/4 of the height measured from the base. 


Figure with axial Symmetry 


Some point on the axis of symmetry 


Figure with centre of Symmetry 


At the centre of symmetry 


their common centre of mass. The Earth-Sun system also revolves around its common Motion, Force and Energy 
centre of mass. But since mass of the Sun is very large as compared to the mass of earth, 
the centre of mass of the system is very close to the centre of the Sun. 


Now it is time to check your progress. 


i Intext Questions 7.2 


|. The grid shown here has particles A, B, C, 
D and E respectively have masses 1.0 kg, 
2.0kg, 3.0 kg, 4.0 kg and 5.0 kg. Calculate 
the coordinates ofthe position ofthe centre 
of mass of the system (Fig. 7.5). 


2. Ifthree particles of masses m, =1 kg, m, = 
2 kg, and m, — 3 kg are situated at the 
corners of an equilateral triangle of side 
1.0 m, obtain the position coordinates of 
the centre of mass of the system. 


3. Show that the ratio of the distances of the 
two particles from their common centre of 
mass is inversely proportional to the ratio of their masses. 


7.3 Translational and Rotational Motion of a Rigid Body : 
A Comparison 


When a rigid body moves in such a way that all its particles move along parallel paths 
(Fig.7.6), its motion is called translational motion. Since all the particles execute identical 
motion, its centre of mass must also be tracing out an identical path. Therefore, the 
translational motion of a body may be characterised by the motion of its centre of mass. 
We have seen that this motion is given by Eqn.(7.10) : 


Ma -F,, 
Do you now see the advantage of defining the centre of mass of a body? With its,help, the 
translational rnotion of body can be described by ап equation for a single particle having 
Mass equal to the mass of the whole body. It is located at the centre of mass and is acted 
upon by the sum of all the external forces which are acting on the rigid body. To understand 
the Concept clearly, perform the following activities. 
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Activity 7.1 


the floor performs 
translational motion. 


Activity 7.2 


Fig. 7.8: Purerotation ofa 
grinding stone 


Take a wooden block. Make two or three marks 
on any of its surfaces. Now keep the marked 
surface in front of you and push the block along 
a horizontal floor. Note the paths traced by the 


Fig. 7.6: A wooden block moving along 


marks. All these marks have paths parallel to 
the floor and, therefore, parallel to one another 
(Fig. 7.6). You can easily see that the lengths 
of the paths are also equal. 


Let us now perform another simple experiment, 
Take a cylindrical piece of wood. On its plane face 
make a mark or two. Now roll the cylinder slowly 
on the floor, keeping the plane face towards you. 


~ ~a Lom 
LEP E E eA) You would notice that the mark such as A in 


Fig. 7.7, has not only moved parallel to the floor, 
Fig. 7.7: Rolling motion ofa cylinder: but has also performed circular motion. So, the body 


The point A has not only has performed both translational and rotational 
moved parallelto the floor but 
also performed circular 
motion 


motion. 


While the general motion of a rigid body consists 

of both translation and rotation, it cannot have 
translational motion if one point in the body is fixed; it 
can then only rotate. The most convenient point to fix 
for this purpose is the CM of the body. 


You might have seen a grinding stone (the chakki). The 
handle of the stone moves in a circular path. All the 
points on the stone also move in circular paths around 
an axis passing through the centre of the stone (Fig.7.8). 


The motion of a rigid body in which all its constituent 
particles describe concentric circular paths is known 
as rotational motion. 


We have noted above that translational 
motion of a rigid body can be descri 
by an equation similar to that of a single 


55 particle. You are familiar with such 
TN equations. Therefore, in this lesson We 
~—*, concentrate only on the rotational motion 


Se, ofarigid body. The rotational motion can 
! be obtained by keeping a point of the 
\ Боду fixed so that it cannot have any 
translational motion. For the sake 0 
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mathematical convenience, this point is taken to 
be the CM. The rotation is then about an axis 
passing through the CM. A good example of 
rotational motion is the earth's rotation about its 
own axis (Fig. 7.9). You have studied in earlier 
lessons that the mass of the body plays a very 
important role. It determines the acceleration 
acquired by the body for a given force. Can wé 
define a similar quantity for rotational motion 
also? Let us find out. 


731 Moment of Inertia 


Fig. 7.10 : Rotation ofa plane lamina 
Let C be the centre of mass of a rigid body. about an axis passing 
Suppose it rotates about an axis through this point through its centre of mass 
(Fig.7.10). 
Suppose particles of masses т, M, m,...are located at distances r,, г„ r,...from the axis 
of rotation and are moving with speeds V, V,» V, respectively. Then particle 1 has kinetic 
energy (2) m, v; . Similarly, the kinetic energy of particle of mass m, is (A) т, vi. By 
adding the kinetic energies of all the particles, we get the total energy of the body. If T 
denotes the total kinetic energy of the body, we can write 


T = (0) ти? + %) m,v; +... 
N 
» 1 : 
= — |m,v; 7.4] 
2. 2 i (7.11) 


where 2, indicates the sum over all the particles of the body. 


i=] 


You have studied in lesson 4 that angular speed (o) is related to linear speed (v) through 
the equation v= o. Using this result in Eqn. (7.11), we get 


T 5307 (ro NU 


i=l 


Note that we have not put the subscript i with w because all the particles of a rigid body 
have the same angular speed. Eqn. (7.12) can now be rewritten as 


E 
id 
(7.13) 


The quantity 
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T= ут (7.14) 
is called the moment of inertia of the body. 
[Example 7.3 : Four particles of mass m each are located at the corners of a square of 


side Z. Calculate their moment of inertia about an-axis passing through the centre of the 
square and perpendicular to its plane. 


Solution : Simple geometry tells us that the distance of each particle from the axis of 


rotation is r =L V2 . Therefore, we can write 
I-mrmr£-«mr mr? 


-4mr 


-An() жей di 
= 2 (Since 5) 


т А ET =2тЁ 
Fig. 7.11 


It is important to remember that moment of inertia is defined with reference to an axis of 
rotation. Therefore, whenever you mention moment of inertia, the axis of rotation must 
also be specified. In the present case, 7 is the moment of inertia about an axis passing 
through the centre of the square and normal to the plane containing four perfect masses. 
(Fig. 7.10) The moment of inertia is expressed in kg m’. 


The moment of inertia of a rigid body is often written as 
I-MK (7.15) 


where M is the total mass of the body and K is called the radius of gyration of the body. 
The radius of gyration is that distance from the axis of rotation where the whole 
mass of the body can be assumed to be placed to get the same moment of inertia 
which the body actually has. \t is important to remember that the moment of inertia of a 
body about an axis depends on the distribution of mass around that axis. If the distribution 
of mass changes, the moment of inertia will also change. This can be easily seen from 
Example 7.3. Suppose we place additional masses at one pair of opposite corners of 
amount m each. Then the moment of inertia of the system about the axis through C and 
perpendicular to the plane of square would be 


]2mr-«2mr «mr «2mr 
= бт? 


Note that moment of inertia has changed from 2/2 to 3 mL. E 
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Table 7.2 Moments of inertia of a few regular and uniform bodies. Motions Korce and Energy 


Hoop about І Annular cylinder (or 
central axis ring) about cylinder 


Solid cylinder Solid cylinder (or disk) 
about cylindrical about a central diameter 
axis 

Me 


Thin rod about Thin rod about an axis 
an axis passing passing through one 
through its centre end and perpendicular 
and normal to its, to length 


length 


Solid sphere Thin spherical shell 


about any about any diameter 


diameter 


3 Hoop about any 
Hoop about È tangent line 
any diameter / 


Refer to Eqn.(7.13) again and compare it with the equation for kinetic energy ofa body in 
linear motion. Can you draw any analogy? You will note that in rotational motion, the role 
of mass has béen taken over by the moment of inertia and the angular speed has replaced 
the linear speed, 


А. Physical significance of moment of inertia 


The physical significance of moment of inertia is that it performs the same role in 
rotational motion that the mass does in linear motion. 
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inertia resists a change in its rotational motion. This property of the moment of inertia 
has been put to a great practical use. Most machines, which produce rotational motion 
have as one of their components a disc which has a very large moment of inertia. Examples 
of such machines are the steam engine and the automobile engine. The disc with a large 
moment of inertia is called a flywheel. To understand how a flywheel works, imagine 
that the driver of the engine wants to suddenly increase the speed. Because of its large 
moment of inertia, the flywheel resists this attempt. It allows only a gradual increase in 
speed. Similarly, it works against the attempts to suddenly reduce the speed, and allows 
only a gradual decrease in the speed. Thus , the flywheel, with its large moment of inertia, 
prevents jerky motion and ensures a smooth ride for the passengers. 


We have seen that in rotational motion, angular velocity is analogous to linear velocity in 
linear motion. Since angular acceleration (denoted usually by о) is the rate of change of 
angular velocity, it must correspond to acceleration in linear motion. 


B. Equations of motion for a uniformly rotating rigid body 


Consider a lamina rotating about an axis passing through O and 
N AN normal to its plane. If it is rotating with a constant angular velocity о, 
as shown, then it will turn through an angle Ө in / seconds such that 


Ө =or 7.16(a) 
б, However, if the lamina is subjected to constant torque (which is the 
Бл turning effect of force), it will undergo a constant angular 
acceleration. The following equations describe its rotational motion: 
Fig. 7.12 : Rotation of o=o tat 7.16(b) 
; i i s 
ecce where o, is initial angular velocity and ois final angular velocity. 
Similarly, i к 
үк! rly, we can write 
1 
9-o,*5af 7.16(c) 
02 =o) +200 7.6(d) 


where Ө is angular dispalcement in / seconds. 


On a little careful scrutiny, you can recognise the similarity of these equations with the 
corresponding equations of kinematics for translatory motion. 


[Example 7.4 : A wheel of a bicycle is free to rotate about a horizontal axis (Fig. 7.11). 
It is initially at rest. Imagine a line OP drawn on it. By what angle would the line ОР move 
in 2 s if it had a uniform angular acceleration of 2.5 rad 52, 


Fig.7.13 : Rotation of bicycle wheel 
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Solution : Angular displacement of line OP is given by 
Ө -o,t*(4af£ 
=0+(4%) х (2.5 rad s*). x 45° 


Bas Ld 


We have mentioned above that for rotational motion of a rigid body, its CM is kept fixed. 
However, it is just a matter of convenience that we keep CM fixed. But many a time, we 
consider points other than the CM. That is, a point in the body which can also be kept fixed 
and the body rotated about it. But then the axis of rotation will pass through this fixed 
point. The moment of inertia about this axis would be different from the moment of inertia 
about an axis passing through the CM. The relation between the two moments of inertia 
can be obtained using the theorems of moment of inertia. 


73.2 Theorems of moment of inertia 


There are two theorems which connect moments of inertia 
about two axes; one of which is passing through the CM 
of the body. These are : 


(i) the theorem of parallel axes, and 
(ii) ће theorem of perpendicular axes. 


Let us now learn about these theorems and their 


applications. Fig.7.14: Parallel axes 


through CM and 
(i) Theorem of parallel axes another point P 


Suppose the given rigid body rotates about an axis passing through any point P other than 
the centre of mass. The moment of inertia about this axis can be found from a knowledge 
of the moment of inertia about a parallel axis through the centre of mass. Theorem of 
parallel axis states that the moment of inertia about an axis parallel to the axis passing 
through its centre of mass is equal to the moment of inertia about its centre of mass 
plus the product of mass and square of the perpendicular distance between the 
Parallel axes. If I denotes the required moment of inertia and J, denotes the moment of 
inertia about a parallel axis passing through the CM, then 


1-14 Md? (7.17) 


Where M is the mass of the body and d is the distance between the two axes (Fig. 7.12). 
This is known as the theorem of parallel axes. 


(i) Theorem of perpendicular axes 


Let us choose three mutually perpendicular axes, two of which, say x and y are in the 
Plane of the body, and the third, the z-axis, is perpendicular to the plane (Fig.7.13). The 
Perpendicular axes theorem states that the sum of the moments of inertia about x and 
У axes is equal to the moment of inertia about the z-axis. 
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94 
у 
x 
Fig.7.15 : Theorem of perpendicular axes Fig.7.16 : Moment of inertia of a hoop 


That is, 
Ded asp i (7.18) 
We now illustrate the use of these theorems by the following example. 


Let us take a hoop shown in Fig. 7.16. From Table 7.2 you would recall that moment of 
inertia of a hoop about an axis passing through its centre and perpendicular to the base is 
M К, where Mis its mass and R is its radius. The theorem of perpendicular axes tells us 
that this must be equal to the sum of the moments of inertia about two diameters which are 
perpendicular to each other as well as to the central axis. The symmetry of the hoop tells 
us that the moment of inertia about any diameter is the same as about any other diameter. 
This means that all the diameters are equivalent and any two perpendicular diameters 
may be chosen.. Since the moment of inertia about each is the same, say 
L, Eqn.(7.18) gives 

MR -2I, 
and therefore 

І, (4) МЕ 

So, the moment of inertia of a hoop about any of its diameter is (/) М R°. 


Let us now take a point P on the rim. Consider a tangent to the hoop at this point which is 
parallel to the axis of the hoop. The distance between the two axes is obviously equal to R. 
The moment of inertia about the tangent can be calculated using the theorem of parallel 
axes. It is given by 


I =MR+MR=2MR. 


It must be mentioned that many of the entries in Table 7.2 have been computed using the 
theorems of parallel and perpendicular axes. 


7.3.3 Torque and Couple 


Have you ever noticed that it is easy to open the door by 
applying force at a point far away from the hinges? What 
happens if you try to open a door by applying force near the 
hinges? Carry out this activity a few times. You would realise 
that much more effort is needed to open the door if you apply 
force near the hinges than at a point away from the hinges: 
Why is it so? Similarly, for turning a screw we use a spanner 
with a long handle. What is the purpose of keeping а lon£ 
Fig.7.17 : Rotation ofa body handle? Let us seek answers to these questions now. 


ш е_——————————— 
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Suppose О is a fixed point in the body and it can rotate about an axis passing through this Мана Besceamid Energy 


point (Fig.7.17). Let a force of magnitude F be applied at the point A along the line AB. If 
AB passes through the point O, the force F will not be able to rotate the body. The farther 
isthe line AB from O, the greater is the ability of the force to turn the body about the axis 
through O. The turning effect of a force is called torque. \ts magnitude is given by 


t-Fs-Frsin0 (7.19) 


where s is the distance between the axis of rotation and the line along which the force is 
applied. 


The units of torque are newton-metre, or Nm. The torque 
isactually a vector quantity. The vector from of Eqn.(7.19) 
is 


t=rxF (7.20) 


which gives both magnitude and direction of the torque. 
What is the direction in which the body would turn? To Е 
discover this, we recall the rules of vector product (refer 
to lesson 1) : t is perpendicular to the plane containing 
vectors r and F, which is the plane of paper here 
(Fig.7.18). If we extend the thumb of the right hand at 
tight angles to the fingers and curl the fingers so as to point from r to F through the smaller 
angle, the direction in which thumb points is the direction of t. А 


Fig, 7.18 : Right hand thumb rule 


Apply the above rule and show that the turning effect of the force in Fig. 7.18 is | 
normal to the plane of paper downwards. This corresponds to clockwise rotation of | 
the body, | 


[Example 7.5 : Fig.7.19 shows a bicycle pedal. Suppose your foot is at the top and you | 
are pressing the pedal downwards. (i) What torque do you produce? (ii) Where should | 
Your foot be for generating maximum torque? 


i? 


F 
Bo 


i 
(b) d 
(a) 
Fig.7.19 : A bicycle pedal (a) at the top when т =0; (b) when tis maximum 


Solution : (i) When your foot is at the top, the line of action of the force passes through | 


the centre of the pedal. So, Ө = 0, and t= Fr sinO = 0. "A 
© j (Ж, | 
(ii) To get maximum torque, sin® must have its maximum value, that is Ө must be 90°. This | 


аррепѕ when your foot is at position B and you are pressing the pedal downwards. A 


| 


If there are several torques acting on a 
body, the net torque is the vector sum of 
all the torques. Do you see any 
correspondence between the role of 
torque in the rotational motion and the role 
of force in the linear motion? Consider two 
forces of equal magnitude acting on а 
body in opposite directions (Fig.7.20). 
Assume that the body is free to rotate about 


Fig.7.20: Two opposite forces acting on body 2" axis passing through О. The two 
torques on the body have magnitudes 


т, =(a+b)F 
and a 
You can verify that the turning effect of these 
torques are in the opposite directions. Therefore, 
the magnitude of the net turning effect on the body 


is in the direction of the larger torque, which in 
this case is т, : 


тет -т, = БЕ (7.21) 


We may therefore conclude that two equal and 
opposite forces having different lines of action 
are said to form a couple whose torque is equal 


| to the product of one of the forces and the 
perpendicular distance between them. 


Fig. 7.21: A rigid body rotating 
about on axis 


There is another useful expression for torque which clarifies its correspondence with 
force in linear motion. Consider a rigid body rotating about an axis passing through a point 
| O (Fig. 7.21). Obviously, a particle like P is rotating about the axis in a circle of radius г. If 
н the circular motion is non-uniform, the particle experiences forces in the radial direction 
| as well as in the tangential direction. The radial force is the centripetal force m 027; which 
keeps the particle in the circular path. The tangential force is required to change the 
| magnitude of v, which at every instant is along the tangent to the circular path. Its magnitude 
| is m a, where a is the tangential acceleration. T/te radial force does not produce any 
torque. Do you know why? The tangential force produces a torque of magnitude 
ar. Since a =r a, where a is the angular acceleration, the magnitude of the torque is m [s 
а. If we consider all the particles of the body, we can write 


orem 


T T 
ge mra [Yn n Ja 
T 1 / 


D 
R 


(122) 


because o. is same for all the particles at a given instant. 


The similarity between this equation and F = m a shows that t performs the same role in 
rotational motion as F does in linear motion. A list of corresponding quantities in rotational 
motion and linear motion is given in Table 7.3. With the help of this table, you can write any 
equation for rotational motion if you know its corresponding equation in linear motion. 


Table 7.3 : Corresponding quantities in rotational and translational motions i 


Translational Motion - - Rotation about a Fixed Axis 
Displacement | Angular displacement 


Velocity “| Angular velocity 


Acceleration |] Angular acceleration 


Mass 7} Moment of inertia 
Force | Torque 


Work E wok 


Kinetic energy Kinetic energy 
Power Power 


Linear momentum б Angular momentum 
i DN RF Т? Bebe ci 

With thg-help of Eqn.(7.22) we can calculate the angular 

acceleration produced in a body by a given torque. 


[Example 7.6 : A uniform disc of mass 1.0 kg and radius 

0.1m can rotate about an axis passing through its centre and 
normal to its plane without friction. A massless string goes 
Tound the rim of the disc and a mass of 0.! kg hangs at its end 
(Fig.7.22). Calculate (i) the angular acceleration of the disc, 
(ii) the angle through which the disc rotates in one second, 
and (iii) the angular velocity of the disc after one second. Take 
$710 ms? 


Solution + (i) If R and M denote the radius and mass of the 

186, from Table 7.2, we recall that its moment of inertia is 
iven by = (4) M R2. If F denotes the magnitude of force (= 
m 8) due to the mass at the end of the string then t = F R. 
Eqn, (7.22) now gives 


a m t II FRIES2FIMR 


— —- = 20 rad 5°. 
g)x(0.1 m) 
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(ii) For angle 0 through which the disc rotates, we use Eqn.(7.16). Since the initial angular 
velocity is zero, we have 


Ө = (2) x 20 x 1.0= 10 rad 
(iii) For the velocity after one second, we have 
@ =at=20x 1.0=20 rad s^ E: 


Now, you may like to check your progress.Try the following questions. 


1. Four particles, each of mass m, are fixed at the 
corners of a square whose each side is of length r. 
Calculate the moment of inertia about an axis 
passing through one of the corners and 
perpendicular to the plane of the square. Calculate 
also the moment of inertia about an axis which is 
along one of the sides. Verify your result by using 
the theorem of perpendicular axes. 


| 2. Calculate the radius of gyration ofa solid sphere if the axis isa tangent to the sphere. | 
(You may use Table 7.2) | 


B 7.4 Angular Momentum 


| If you сап get hold of a stool which can rotate without much friction, you can perform an 
| interesting experiment. Ask a friend to sit on the stool with her arms folded. Make the 
| stool rotate fast. Measure the speed of rotation. Ask your friend to stretch her arms and 
| measure the speed again. Do you note any change in the speed of rotation of thc stool? 
Ask her to fold her arms once again and observe the change in the speed of thc stool. 


| Let us try to understand why we expect a change in the speed of rotation of the stool in 
| two cases : sitting with folded and stretched hands. For this, let us again consider a rigid 
| body rotating about an axis, say z-axis through a fixed point О in the body. All the points of 
| the body describe circular paths about the axis of rotation with the centres of the paths 0? 
| the axis and have angular velocity œ. Consider a particle like P at distance r from the axis 
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(Fig. 7.20). Its linear velocity is v, =r, and its momentum A 
is therefore m, r,@. The product of linear momentum 

and the distance from the axis is called angular 

momentum, denoted by L. \f we sum this product for 

all the particles of the body, we get 


=To i (7.23) 


Remember that the angular velocity is the same for all — Fig.7.23:Arigid body rotating 
the particles and the term within brackets is the moment about an axis through *O* 

of inertia. Like the linear momentum, the angular 

momentun; is also a vector quantity. Eqn. (7.23) gives 

only the con;ponent of the vector L along the axis of rotation. It is important to remember 
that / must reer to the same axis. The unit of angular momentum is kg m*s'! 


Recall now that the rate of change of © is « and 1 a = т. Therefore, the rate of change 
of angular momentum is equal to torque. \n vector notation, we write the equation of 
motion of a rotating body as | 


dL do | 
oam ran f o (7.24) 
dt 


7.4.1 Conservation of angular momentum 


dL 
Eqn. (7.24) shows that if there is no net torque acting on the body, mom 0. This 


means that there is no change in angular momentunt, ie. the angular momentum is 
constant. This is the principle of conservation of angular momentum. Along with the 
Conservation of energy and linear momentum, this is one ofthe most important principles 
of physics. 


The Principle of conservation of angular momentum allows us to answer questions such 
as: How the direction of toy umbrella floating in air remains fixed? The trick is to make it 
rotate and thereby impart it some angular momentum. Once it goes in air, there is no 
torque acting on it. Its angular momentum is then constant. Since angular momentum is a 
Vector quantity, its constancy implies fixed direction and magnitude, Thus, the direction of 
the toy umbrella remains fixed while it is in air. 


In the case of your friend on the rotating stool; when no net torque acts on the stool, the 
angular momentum of the stool and the person on it must be conserved, When the arms 
аге stretched, she causes the moment of inertia of the system to increase. 
Eqn. (7.23) then implies that the angular velocity must decrease. Similarly, when she folds 

er arms, the moment of inertia of the system decreases. This causes the angular velocity 
to increase, Note that the change is basically caused by the change in the moment of 
inertia due to change in distance of particles from the axis of rotation. 


ER" 
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Let us look at a few more examples of conservation of angular momentum. Suppose we 
have a spherical ball of mass Mand radius R. The ball is set rotating by applying a torque 
on it. The torque is then removed. When there is no external torque, whatever angular 
momentum the ball has acquired must be conserved. Since moment of inertia of the ballis 
(2/5) M R? (Table 7.2), its angular momentum is given by 


- мо (125) 


where @ is its angular velocity. Imagine now that the radius of the ball somehow decreases. 
To conserve its angular momentum, c must increase and the ball must rotate faster. This 
is what really happens to some stars, such as those which become pulsars (see Box on 
page 176). 


What would happen if the radius of the ball were to 
increase suddenly? 


You can again use Eqn.(7.25) to show that if А increases, 
о must decrease to conserve angular momentum. If instead 
of radius, the moment of inertia of the system changes some 
how, @ will change again. For an interesting effect of this 
kind see Box below 


The length of the day is not constant 


Scientists have observed very small and irregular 
variations in the period of rotation of the earth about its 
axis, i.e. the length of the day. One of the causes that 
they have identified is weather. Due to changes in 
weather, large scale movement in the air of the earth’s 
atmosphere takes place. This causes a change in the 
mass distributiion around the axis of the earth, resulting 
in a change in the moment of inertia of the earth. Since 


Fig.7.24: Diver, Sommer 


saulting after the angular momentum of the earth L = J œ must be 
jumping off the conserved, a change in J means a change in rotational 
diving boards. 


speed of the earth, or in the length of the day. 


Acrobats, skaters, divers and other sports persons make excellent use of the principle of 
conservation of angular momentum to show off their feats. You must have seen divers 
jumping offthe diving boards during swimming events in national or international events 
such as Asian Games, Olympics or National meets. At the time of jumping, the diver gives 
herself a slight rotation, by which she acquires some angular momentum. When she is in 
air, there is no torque acting on her and therefore her angular momentum must be conserved. 
If she folds her body to decrease her moment of inertia (Fig. 7.24) her rotation must 
become faster. If she unfolds her body, her moment of inertia increases and she must 
rotate slowly. In this way, by controlling the shape of her body, the diver is able to 
'demonstrate her feat before entering into pool of water. 


[Example 7.7 : Shiela stands at the centre of a rotating platform that has frictionless 
bearings. She holds a 2.0 kg object in each hand at 1.0 m from the axis of rotation of the 


O отт 
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system. The system is initially rotating at 10 rotations per minute. Calculate a) the initial 
angular velocity in rad s! b) the angular velocity after the objects are brought to а distance 
of 0.2 m from the axis of rotation, and (c) change in the kinetic energy of the system. (d) 
If the kinetic energy has increased, what is the cause of this increase? (Assume that the 
moment of inertia of Shiela and platform J, stays constant at 1.0 kg m°.) 


Solution : (a) 1 rotation = 2л radian 


E 10x 2л radian 
1. initial angular velocity = ^ 69,  7!05 rad st 


(b) The key idea here is to use the law of conservation of angular momentum. The initial 
moment of inertia I, =1 gt mr? + mr? 
= 1.0 kg m? + (2.0 kg) x (1 m?) + (2.0 kg) x (1 m?) 
= 5.0 kg тг. 
After the objects are brought to a distance of 0.2 m, final moment of inertia. 
I, -L,*mrj + mr; 
= 1.0 kg m? + 2.0 kg x (0.2? m? + 2.0 kg x (0.2? m? 
= 1.16 kg m’. 
Conservation of angular momentum requires that 
ІФ, = 1,0, 
т 1o, 
i туу 
(5.0 kg m?) x 1.05 rad g^ 
1.16kgm? 
= 4.5 rad s 


Suppose the change in kinetic energy of rotation is AE. Then 
1 1 
АЕ = т, o? - 2l о? 
; 1 

x 1.16 kg m? x (4.5)? (rad sy- 2 * 5.0 kg m? 

х (1.05)? (rad s'y 

=9.05Ј 

Since final kinetic energy is higher than the initial kinetic energy, there is an increase in the 
Kinetic energy of the system. 


(d) When Shiela pulls the objects towards the axis, she does work on the system. w 
Work goes into the system and increases its kinetic energy. 


A hydrogen molecule consists of two identical atoms, each of mass m and separated 
by a fixed distance d. The molecule rotates about an axis which is halfway between 
the two atoms, with angular speed œ. Calculate the angular momentum of the molecule, 


A uniform circular disc of mass 2.0 kg and radius 20 cm is rotated about one of its 
diameters at an angular speed of 10 rad s^. Calculate its angular momentum about 
the axis of rotation. 


3. Awheel is rotating at an angular speed œ about its axis which is kept vertical. Another 
wheel of the same radius but half the mass, initially at rest, is slipped on the same axle 
gently. These two wheels then rotate with a common speed. Calculate the common 
angular speed. 


4. Itis said that the earth was formed from a contracting gas cloud. Suppose some time 
in the past, the radius of the earth was 25 times its present radius. What was then its 
period of rotation on its own axis? 


7.5 Simultaneous Rotational and Translational Motions 


We have already noted that if a point in a rigid body is not fixed, it can possess rotational 
motion as well as translational motion. The general motion 
of a rigid body consists of both these motions. Imagine 
the motion of an automobile wheel on a plane horizontal 
surface. Suppose you are observing the circular face 
(Fig.7.25). Fix your attention at a point P and at the centre 
C of the circular face. Remember that the centre of mass 
of the wheel lies at the centre of its axis and C is the end 
point of the axis, As it rolls, you would notice that point P 
rotates round the point C. The point C itself gets translated 
in the direction of motion. So the wheel has both thé 

Fig.7.25 rotational and translational motions. If point C or the centre 
of mass gets translated with velocity v,„ the kinetic 
energy of translation is 


1 
(KE), a Muy, (120 


where M is the mass. And if @ is the angular speed of rotation, the kinetic energy of 
rotation is 


(КЕ), = ile (727) 


rot 
where J is the moment of inertia. The total energy of the body due to translation and 
rotation is the sum ofthese two kinetic energies. An interesting case, where both translational 
and rotational motion are involved, is the motion of a body on an inclined plane. 


[Example 7.8 : Suppose a rigid body has mass M, radius R and moment of inertia I. It is 
rolling down an inclined plane of height h (Fig.7.26). At the end of its journey, it has 
acquired a linear speed v and an angular speed о. Assume that the loss of energy due to | 
friction is small and can be neglected. Obtain the value of v in terms of h. 


| 


Fig.7.26 : Motion ofa rigid body on an inclined plane 


Solution : The principle of conservation of energy implies that the sum of the kinetic 
energies due to translation and rotation at the foot of the inclined plane must be equal to 
the potential energy that the body had at the top of the inclined plane. Therefore, 

(4) Mv tlo = Mgh (7.28) 


Ifthe: motion is pure rolling and there is no slipping, we can write V= R о. Inserting this 
expression is Eqn. (7.28), we get 


1 1 v! * (7.29) 
Mv t UE =Mgh 5 


To take a simple example, let the body be a hoop. Table 7.2 shows that its moment of 
inertia about its own axis is МЕ. Eqn.(7.29) then gives 


1 1м? _ 
2M V bai qid 
or i abe (730) 


Do you notice any thing interesting in this equation? The linear velocity is independent 
of mass and radius of the hoop. Its means that a hoop of any material and “1 
radi us rolls down with the same speed on the inclined plane. 


MODULE- 1) muss a 
Motion, Force and Energy G 


1. A solid sphere rolls down a slope without slipping. What will be its velocity in terms of 
the height of the slope? 


2. А solid cylinder rolls down an inclined plane without slipping. What fraction of its 
kinetic energy is translational? What is the magnitude of its velocity after falling 
through a height h? i 


3. A uniform sphere of mass 2 kg and radius 10cm is released from rest on an inclined 
plane which makes an angle of 30° with the horizontal. Deduce its (a) angular 
acceleration, (b) linear acceleration along the plane, and (c) kinetic energy as it travels 
2m along the plane. 


SECRET OF PULSARS 


An interesting example of the conservation of angular momentum is provided by 
pulsating stars. These are called pulsars. These stars send pulses of radiation of 
great intensity towards us. The pulses are periodic and the periodicity is extremely 
precise. The time periods range between a few milliseconds to a few seconds. Such 
short time periods show that the stars are rotating very fast. Most of the matter of 
these stars is in the form of neutrons. (The neutrons and protons are the building 
blocks of the atomic nuclei.) These stars are also called neutron stars. These stars 
represent the last stage in their life. The secret of their fast rotation is their tiny size. 
The radius of a typical neutron star is only 10 km. Compare this with the radius of 
the Sun, which is about 7 x 105km. The Sun rotates on its axis with a period of about 
25 days. Imagine that the Sun suddenly shrinks to the size of a neutron star without 
any change in its mass. In order to conserve its angular momentum, the Sun will 
have to rotate with a period as short as the fraction of a millisecond. 


ZA 
AA 


weg 


e  Arigid body can have rotational as well as translational motion. 


What You Have Learnt 


e The equation of translational motion far a rigid body may be written in the same form 
as for a single particle in terms of the motion of its centre of mass. 


e Ifa point in the rigid body is fixed, then it can possess only rotational motion. 


e Тһе moment of inertia about an axis of rotation is defined as. 2; E. 
i 


e Тһе moment of inertia plays the same role in rotational motion as does the mass in 
linear motion. 


EN | 3 A | i 


e The turning effect of a force Е on a rigid body is given by the torque t= r x Е. 


e Two equal and opposite forces constitute a couple. The magnitude of turning effect 
of torque is equal to the product of one of the forces and the perpendicular distance 
between the line of action of forces. 


e The application of an external torque changes the angular momentum of the body. 


e When no net torque acts on a body, the angular momentum of the body remains 
constant. 


e Whenacylindrical or a spherical body rolls down an inclined plane without slipping, 
its speed is independent of its mass and radius. 


Ee cet 


1. The weight Mg of a body is shown generally as acting at the centre of mass of the 
body. Does this mean that the earth does not attract other particles? 


2. Is it possible for the centre of mass of a body to lie outside the body? Give two 
examples to justify your answer? 


3. In a molecule of carbon monoxide (CO), the nuclei of the two atoms are 
1.13 x 10-'%т apart. Locate of the centre of mass of the molecule. 


4. A grinding wheel of mass 5.0 kg and diameter 0.20 m is rotating with an angular 
speed of 100 rad s^. Calculate its kinetic energy. Through what distance would it 
have to be dropped in free fall to acquire this kinetic energy? (Take g — 10.0 m 972); 


5. А wheel of diameter 1.0 m is rotating about a fixed axis with an initial angular speed 
of 2rev ѕ-!. The angular acceleration is 3 rev 52, 


(a) Compute the angular velocity after 2 seconds. 


(b) Through what angle would the wheel turned during this time? 


(c) What is the tangential velocity of a point on the rim of the wheel at t = 2 s? 


(d) What is the centripetal acceleration of a point on the rim of the wheel at 
 2$? 
6. A wheel rotating at an angular speed of 20 rads“ is brought to rest by a constant 
torque in 4.0 seconds. If the moment of inertia of the wheel about the axis of rotation 
is 0.20 kg m?, calculate the work done by the torque in the first two seconds. 


7. Two wheels are mounted on the same axle. The moment of inertia of wheel A is 
5 x 10? kg m?, and that of wheel В is 0.2 kg m?. Wheel A is set spinning at 
600 rev min-'. while wheel B is stationary. Aclutch now acts to join A and B so that 


they must spin together. 
(a) At what speed will they rotate? 
(b) How does the rotational kinetic energy before joining compare with the kinetic 
energy after joining? 
(с) What torque does the clutch deliver if Amakes 10 revolutions during the operation 
of the clutch? 
eh t”— 


MODULE - 1 


Motion, Force and Energy 


8. You are given two identically looking spheres and told that one of them is hollow. 
Suggest a method to detect the hollow one. 


9. Themomentof inertia of a wheel is 1000 kg т?. Its rotation is uniformly accelerated, 
At some instant of time, its angular speed is 10 rad s~'. After the wheel has rotated 
through an angle of 100 radians, the angular velocity of the wheel becomes 
100 rad s". Calculate the torque applied to the wheel and the change in its kinetic 
energy. 


10. A disc of radius 10 cm and mass Ikg is rotating about its own axis. It is accelerated 
uniformly from rest. During the first second it rotates through 2.5 radians. Find the 
angle rotated during the next second. What is the magnitude of the torque acting on 
the disc? 


Answers to Intext Questions 
7/4 


l. Yes, because the distances between points on the frame cannot change. 


2. No. Any disturbance can change the distance between sand particles. So, a heap of 
sand cannot be considered a rigid body. 


7.2 

1. . The coordinates of given five masses are A (1, 1), B (-5, –1), C (6, 3), D (2, 6) 
and E (3, 0) and their masses are 1 kg, 2kg, 3kg, 4kg and 5kg respectively. 
Hence, coordinates of centre of mass of the system are 

-1х1-5х2+6х3+2х4-3х5 


mam 142434445 =0 
" -Ix1-1x243x344x640x5 30 
ATI 142434445 715-7290 


2. Letthe three particle system be as shown in the figure here. 
Consider axes to be as shown with 2 kg mass at the origin. 


Y 


_ 2х0+1х0.5+3х1_3.5 4 1kg 
Ipea OG adum | 
1 
1 
! 
1 
К Pa СИ 1 
ning ЖИК ET 
14243 12 | 

2Кр Br 


Hence, the co-ordinates of the centre of mass are B 


3.5 x 


3. Letthe two particles be along the x-axis and let their x-coordinates be o and x. The 
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coordinate of CM is 


тх0+т, Xx тх 
| огл = 
X т +m, m, +m, Y-0 


X is also the distance of m, from the CM. The distance of m, from CM is 


тх mx 
x-X-x- ETT 
т +т mcm, 
X т 
"x+X т 


Thus, the distances from ће CM are inversely proportional to their masses. 
7.3, 


1, Moment of inertia of the system about an axis perpendicular to the plane passing 
through one of the corners and perpendicular to the plane of the square, 


=mP+m(2r)+mPr=4mr 
М1. about the axis along the side- m? ^ m? =2 тт 


Verification : Moment of inertia about the axis QP-mr*mr-*2m т. Now, 
according to the theorem of perpendicular axes, MI about SP (27r?) + MI about QP 
2 m r^ should be equal to MI about the axis through P and perpendicular to the plane 
of the square (4 m 7?). Since it is true, the results are verified. 


2. MLL of solid sphere about an axis tangential to the sphere 


2 
= MR+MR = 5 М according to the theorem of parallel axes. 
i 7 s 
If radius fo gyration is K, then MK = 5 M R. So, 


; J 
Radius of gyration K = Rf 


7.4 
l. Angular momentum 
a Д 
=|m—+m— 
L \ ЛЕЧИ 4) 
ps та? 
2 


2. Angular momentum about an axis of rotation (diameter). 


2 
= и p 
L=lo=m 7 xo Е 


ананна Е Г ИИ 
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as М.І about a diameter = E 


222 
2 L=20kgx cons 10 rad s = 0.2 kg m? s^. 


3. According to conservation of angular momentum 
Io = (Т, + L) o, 
where 7, is M.I. ofthe original wheel and I, that of the other wheel, о is the initial 
angular speed and o, is the common final angular speed. | 


пос (nr "ra, 


3 2 
Фо = pO ela 3 


4. Let the present period of revolution of earth be Т and earlier be T,. According to the 
conservation of angular momentum. 


[0] 


2 21] 2 27 
5 М(25 RY х (2) 2 м (28) 


It gives, T, = 6.25 T 
Thus, period of revolution of earth in the past T, = 6.25 times the present time period. 
mS 


2 
1. Using (I= 5 M №), Eqn. (7.29) for a solid sphere | 
| 


2 2 | 
1 í e) E 
or, 2;mv*3 x amr. ELIT 
s 0 = v/r 
D 10 
It gives v= 78 
mR? 


2. Fora solid cylinder, /= 


mR? y 


1 1 1 1 3 
4 = =—1@= = M 
7 Total KE оті? + 51 20 UE 2 кти 


т @=v/r 


Hence, fraction of translational K.E. = 


: 4 
Proceeding as іп Q.1 above : b= 38 h 


Answers to Terminal Problems 

Ata distance 0.64 A from carbon atom. 

125 Ј,2.5 т 

(a) 16 mrad s" (b) 20 x rad (с) 25 тѕ! (0) 1280 ms? 
30] 

(a) 4 rad s^' (b) E,- 5 E, (c) 49 zN m 

T=5x 10'N m, KE- 5 х 105J 

10. 75 rad, т=5 х 1027 
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SENIOR SECONDARY COURSE 
PuysIcs 
STUDENT'S ASSIGNMENT — 1 


Maximum Marks: 50 Time : 1 Hours 
A 
INSTRUCTIONS Р 
@ Answer All the questions on a seperate sheet of paper ] 
@ Givethe following information on your answer sheet: 7 
€ Name 
€ Enrolment Number ? 
€ Subject 
ө Assignment Number 
@ Address M 
€ Getyour assignment checked by the subject teacher at your study centre so that you get positive feedback 
about your performance. 
1. Give an example to show that the average velocity ofa moving particle may be zero, but its average speed 
can not be zero. (1) 
2. Whydoesthe direction ofthe projectile motion become horizontal at the highest point? (1) 
Can the law of conservation of linear momentum be applied for a body falling under gravity ? E 
( 
4. Whyis the handle on a door provided at the largest possible distances form the hinges ? (1) 
5. Why does moon have no atmosphere ? (1) 
6. Draw velocity time graph of a body moving in a straight line under a constant force. (1) 
7. What is the radius of gyration of a disc of radius 20 cm, rotating about an axis passing through its center 
and normal to its plane? (2) 
8. А light and a heavy mass have the same kinetic energy, Which one has more momentum? (1) 
9. Avector A of magnitude 10 units and another vector B of magnitude 6 units make an angle of 60° with 
each other. 
Find the scalar product and the magnitude of the vector products of these two vectors. Q) 
10. A footballer can kick a 0.5 kg ball with a maximum speed of 10m s^. What is the maximum horizontal 
distance to which he can kick the ball? Q) 
11. The displacement of a particle is given by y = at +62, where a and b are constants and t is time. Find the 
dimensional formula of b/a. 
12. The length of the second's hand of a clock is 10 cm. Calculate the speed of its tip. (2) 


20. 


. Two masses of 3 kg and 5 kg one attached to a massless string and the string is passed 


. Three rods each of mass per unit length 1 kg т"! and length 20 cm form an equilateral 


. If by some freak of nature the earth collapses to 1/8 of its present volume, what would be the duration 


of a day ?. Explain. (4) 


. Calculate the mean distance of a hypothetical planet from the sun which has a period of revolution of 100 


years. Yóu may take the distance between the sun and the earth as 1.5 


. A block of mass 2 kg is placed on plane surface. Its inclination from the horizontal may be changed. The 


block is just at the verge of sliding when the inclination of the plans is 30°, calculate the acceleration with 
which the bock will slide down when the inclination of the plane is 45°. (4) 


. A constant force of 20 N acts for 2s on a body of mass 2 kg initially at rest. How much distance will this 


body move in 3s from start? (4) 


. Draw a load-extension graph for a spring. How will you use this graph to calculate (i) force constant of 


the spring? 


(ii) work done in compressing the spring by a distance x ? 


overa frictionless pulley as shown in fig. Calculate the tension in the string and acceleration 
ofthe 3 kg block. (4) 


triangle. Determine (i) The center of mass of the system. (ii) Moment of inertia of the 
system about an axis passing through, the centre of mass and normal to its plane. (5) 


A body of mass m at rest is hit head-on elastically by a body of mass m kg moving with a speed of u. Find 
the magnitude and direction of motion of each body after collision. (5) 
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ELASTIC PROPERTIES OF 
SOLIDS 


I n the previous lessons you have studied the effect of force on a body to produce 
displacement. The force applied on an object may also change its shape or size. For 
example, when a suitable force is applied on a spring, you will find that its shape as wellas 
size changes. But when you remove the force, it will regain original position. Now applya 
force on some objects like wet modelling clay or molten wax. Do they regain their original 
position after the force has been removed? They do not regain their original shape and 
size. Thus some objects regain their original shape and size whereas others do not. Sucha 
behaviour of objects depends on a property of matter called elasticity. 


The elastic property of materials is of vital importance in our daily life. It is used to helps 
determine the strength of cables to support the weight of bodies such as in cable cars 
cranes, lifts etc. We use this property to find the strength of beams for construction of 
buildings and bridges. In this unit you will learn about nature of changes and the manner n 
which these can be described. 


After studying this lesson, you should be able to : 

e distinguish between three states of matter on the basis of molecular theory; 
distinguish between elastic and plastic bodies; 

distinguish between stress and pressure; 

study stress-strain curve for an elastic solid ; and 


define Youngs modulus, bulk modulus, modulus of rigidity and Poisson S " atio. 


8.1 Molecular Theory of Matter : Inter-Molecular Forces 


| Я n 
We know that matter is made up of atoms and molecules. The forces which act be 
them are responsible for the structure of matter. The interaction forces between molecu 
are known as inter-molecular forces. 
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The variation of inter 
molecular forces with inter 
molecular separation is 
shown in Fig. 8.1. 


Repulsion 


When the separation is 
large, the force between 
two molecules is attractive 
and weak. Аз the 
separation decreases, the 
net force of attraction 
Fig.8.1: Graph between inter-molecular force and Inter increases up to a particular 
molecular separation. value and beyond this, the 
force becomes repulsive. 
Ata distance R = R, the net force between the molecules is zero. This separation is called 
equilibrium separation. Thus, if inter-molecular separation R > R, there will be an 
attractive force between molecules. When R < R,, a repulsive force will act between 
them. 


Force F 


—> distance R 


à [ 
Attraction |4— Rz 


In solids, molecules are very close to each other at their equilibrium separation 
(~ 10 m), Due to high intermolecular forces, they are almost fixed at their positions. 
You may now appreciate why a solid has a definite shape. 

In liquids, the average separation between the molecules is somewhat larger 
(710 m). The attractive force is weak and the molecules are comparatively free to 
move inside the whole mass of the liquid. You can understand now why a liquid does not 
lave fixed shape. It takes the shape ofthe vessel in which it is filled. 


In gases, the intermolecular separation is significantly larger and the molecular force is н 
Very Weak (almost negligible). Molecules of a gas are almost free to move inside a container. || 
That is why gases do not have fixed shape and size. А 


Ancient Indian view about Atom 


Kanada was the first expounder of the atomic concept in the world. He lived around 
6" century B.C. He resided at Prabhasa (near Allahabad). 

According to him, everything in the universe is made up of Parmanu or Atom. They 
are eternal and indestructible. Atoms combine to form different molecules. If two 
atoms combine to form a molecule, it is called duyanuka anda triatomic molecule is 
called triyanuka. He was the author of “Vaisesika Sutra". 

The size of atom was also estimated. In the biography of Buddha (Lalitavistara), the 
estimate of atomic size is recorded to be of the order 107m, which is very close to 


the modern estimate of atomic size. 


shape or 


You Would have noticed that when an external force is applied on an object, its 
ends on 


Size (or both) change, i.e. deformation takes place. The extent of deformation dep 
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the material and shape of the body 
and the external force. When the 
deforming forces are withdrawn, 
the body tries to regain its original 
shape and size. 


You may compare this with a 
spring loaded with a mass or a 
force applied on the string of a 
bow or pressing of a rubber ball. 
If you apply a force on the string 
of the bow to pull it ( Fig 8.2), you 
will observe that its shape changes. But on releasing the string, the bow regains its original 
shape and size. 


Fig 8.2: Force applied on the string of a bow changes 
it shape 


The property of matter to regain its original shape and size after removal of the deforming 
forces is called elasticity. 


8.2.1 Elastic and Plastic Bodies 


A body which regains its original state completely on removal of the deforming force is 
called perfectly elastic. On the other hand, if it completely retains its modified form even 
on removing the deforming force, i.e. shows no tendency to recover the deformation, itis 
said to be perfectly plastic. However, in practice the behaviour of all bodies is in between 
these two limits. There exists no perfectly elastic or perfectly plastic body in nature. The 
nearest approach to a perfectly elastic body is quartz fiber and to the perfectly plastic is 
ordinary putty. Here it can be added that the object which opposes the deformation more 
is more elastic. No doubt elastic deformations are very important in science and technology, 
but plastic deformations are also important in mechanical processes. You might have seen 
the processes such as stamping, bending and hammering of metal pieces. These are possible 
only due to plastic deformations. 


The phenomenon of elasticity can be explained in terms of inter-molecular forces. 
8.2.2 Molecular Theory of Elasticity 


You are aware that a solid is composed of a large number of atoms arranged in a definite 
order. Each atom is acted upon by forces due to neighbouring atoms. Due to inter-atomi¢ 
forces, solid takes such a shape that each atom remains in a stable equilibrium. When the 
body is deformed, the atoms are displaced from their original positions and the inter- 
atomic distances change. If in deformation, the separation increases beyond their equilibrium 
separation (i.e., А >К), strong attractive forces are developed. However, if inter-atomic 
separation decreases (i.e. R < R,), strong repulsive forces develop. These forces, call 
restoring forces, drive atoms to their original positions. The behaviour of atoms in à soli 
can be compared to a system in which balls are connected with springs. : 


Now, let us learn how forces are applied to deform a body. 
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8.2.3 Stress 


When an external force or system of forces is applied on a body, it undergoes a change in 
the shape or size according to nature of the forces. We have explained that in the process 
of deformation, internal restoring force is developed due to molecular displacements from 
their positions of equilibrium. The internal restoring force opposes the deforming force. 
The internal restoring force acting per unit area of cross-section of a deformed 
body is called stress. А 
In equilibrium, the restoring force is equal in magnitude and opposite in direction to the 
external deforming force. Hence, stress is measured by the external force per unit area of 
cross-section when equilibrium is attained. Ifthe magnitude of deforming force is F and it 
acts on area A, we can write 


ч - restoring force _ deforming force (F) 
одо o7 I xy d 


F 
= — 8.1 
or Stress = 7 (8.1) 
The unit of stress is Nm. The stress may be longitudinal, normal or shearing. Let us 
study them one by one. 


() Longitudinal Stress : If the deforming forces are along the length of the body, we 
„call the stress produced as longitudinal stress, as shown in its two forms in Fig 8.3 
(a) and Fig 8.3 (b). | 


Fig 8.3 (а): Tensile stress; (b) Compressive stress 


(i) Normal Stress : If the deforming forces are applied uniformly and normally all over 

the surface of the body so that the change in its volume occurs without change in 
Shape (Fig. 8.4), we call the stress produced as normal stress. You may produce 
normal stress by applying force uniformly over the entire surface of the body. Deforming 
force per unit area normal to the surface is called pressure while restoring force developed 


inside the body per unit area normal to the surface is known as stress. 


Fig. 8.4: Normal stress 


Mechanics of Solids § Gii) Shearing Stress : If the deforming forces act tangentially or parallel to the surface 


and Fluids (Fig 8.5a) so that shape of the body changes without change in volume, the stress is 
called shearing stress. An example of shearing stress is shown in Fig 8.5 (b) in which 
a book is pushed side ways. Its opposite face is held fixed by the force of friction. 


Fig. 8.5: (a) Shearing stress; (b) Pushing a book side ways 


8.2.4 Strain 


Deforming forces produce changes in the dimensions of the body. In general, the strain is 
defined as the change in dimension (e.g. length, shape or volume) per unit 
dimension of the body. As the strain is ratio of two similar quantities, it is a dimensionless 
quantity. 


Depending on the kind of stress applied, strains are of three types : (i) linear strain) 
volume (bulk) strain, and (iii) shearing strain. 


(i) Linear Strain : If on application of a longitudinal deforming force, the length £ ofa 
body changes by Аё (Fig. 8.6), then ~ 


changeinlength де 3 


» 
linear strain = — i—i? 
j Г ^ 


original length ` 
Fig. 8.6: Linear strain 
(i) Volume Strain : If on application of a uniform pressure Ap, the volume V of the 


body changes by AV ( Fig 8.7) without change of shape of the body, then 
Ap 


.  changeinvolume ду 
Volume strain = —. — = — 
original volume ү 


Ар 
Fig. 8.7: Volume strain 


=a 
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() Shearing strain: When the deforming forces are tangential (Fig 8.8), the shearing d Fluid 
and Fluids 


strain is given by the angle through which a line perpendicular to the fixed plane is 
turned due to deformation. (The angle Ө is usually very small.) Then we can write 


Fixed 
Fig. 8.8 : Shearing strain 


82.5 Stress-strain Curve for a Metallic Wire 


Refer to Fig. 8.9 which shows variation of stress with strain when a metallic wire of 
uniform cross-section is subjected to an increasing load. Let us study the regions and points 


reaking Point 


Plastic behaviour 


Stress 


/ 
</— Permanent Set 


о р — Strain 


Fig. 8.9: Stress-strain curve for a steel wire 
on this curve that are of particular importance. 


() Region of Proportionality OA is a straight line which indicates that in this region, 
stress is linearly proportional to strain and the body behaves like a perfectly elastic 


body. 


(i) Elastic Limit : If we increase the strain a little beyond A, the stress is not linearly 
Proportional to strain. However, the wire still remains elastic, i.e. after removing the 


deforming force (load), it regains its original state. The maximum value of strain for 
Пед elastic limit. Beyond the elastic 


Which a body(wire) shows elastic property isca 
limit, a body behaves like a plastic body. 


(i) Point C : When the wire is stretched beyond the limit B, the strain increases more 

rapidly and the body becomes plastic. It means that even if the deforming load is 
removed, the wire will not recover its original length. The material follows dotted line 
CD on the graph on gradual reduction of load. The left over strain on zero load strain 
isknown asa permanent set. After point E on the curve, no extension is recoverable. 


а ы 


K———— 
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the length of the wire increases continuously even without increasing of load. The 
wire breaks at point F. This is called the breaking point or fracture point and the 
corresponding stress is known as breaking stress. 


The stress corresponding to breaking point F is called breaking stress or tensile strength. 
Within the elastic limit, the maximum stress which an object can be subjected to is called 
working stress and the ratio between working stress and breaking stress is called factor 
of safety. In U.K, it is taken 10, in USA it is 5. We have adopted UK norms. If large 
deformation takes place between the elastic limit and the breaking point, the material is 
called ductile. If it breaks soon after the elastic limit is crossed, it is called brittle e.g. 
glass. 


8.2.6 Stress-Strain Curve for Rubber 


When we stretch a rubber cord to a few times its natural length, it returns to its original 
length after removal of the forces. That is, the elastic region is large and there is no well 
defined plastic flow region. Substances having large strain are called elastomers. This 
property arises from their molecular arrangements. The stress-strain curve for rubber is 
distinctly different from that of a metallic wire. There are two important things to note 
from Fig. 8.10. Firstly, you can observe that there is no region of proportionality. Secondly, 
when the deforming force is gradually reduced, the original curve is not retraced, although 
the sample finally acquires its natural length. The work done by the material in returning іо 
its original shape is less than the work done by the deforming force. This difference of 
energy is absorbed by the material and appears as heat. (You can feel it by touching the 
rubber band with your lips.) This phenomenon is called elastic hysteresis. 


Elastic hysteresis has an important application in shock absorbers. A part of energy 
transferred by the deforming force is retained in a shock absorber and only a small part of 
| it is transmitted to the body to which the shock absorber is attached. 


8.2.7. Steel is more Elastic than Rubber 


A body is said to be more elastic ifon 
applying a large deforming force on 
it, the strain produced in the body is 
small. If you take two identical rubber 
and steel wires and apply equal 
deforming forces on both of them, you 
will see that the extension produced 
in the steel wire is smaller than the 
extension produced in the rubber wire. 
But to produce same strain in the two 
wires, significantly higher stress is 
required in the steel wire than in rubber 2 4 6 3 
wire. Large amount of stress needed 
for deformation of steel indicates that 


Fig. 8.10: Stress-strain curve for rubber 


n Eee ө Бон | MODULE -2 


Mechanics of Solids 


magnitude of internal restoring force produced in steel is higher than that in rubber. Thus, and Fluids 


steel is more elastic than rubber. 


[Example 8.1 : A load of 100 kg is suspended by a wire of length 1.0 m and cross 
sectional area 0.10 cm?. The wire is stretched by 0.20 cm. Calculate the (i) tensile stress, 
and (ii) strain in the wire. Given, g = 9.80 ms”. 


Solution : 


Mg 


F 
(i) Tensile stress = eee 


(100 kg) (9.80 ms" ^) 
0.10x 10m? 


=9.8 х 10° Nm? 


ле 020х102 т 


(ii) Tensile strain = Wh = 1.0m 


= 0.20 x 10? dl 


[Example 82 : Calculate the maximum length of a steel wire that can be suspended 
without breaking under its own weight, if its breaking stress = 4.0 x 10° Nm~, density = 
7.9 x 10? kg m? and g = 9.80 ms? 


Solution :The weight of the wire W= Alpg, where, A is area of cross section of the wire, 
L'is the maximum length and p is the density of the wire. Therefore, the breaking stress 


W 
developed in the wire due to its own weigh! AA pig. We are told that 


breaking stress is 4.0 x 10* Nm. Hence 
4.0x10 Nm? 
£ = (9x10 kg m^) (9.8 ms?) 
= 0.05 x 105m 
=5х 10 т= 5 Кт. " 


Now it is time to take a break and check your understanding 


[Inest Questions | 


l. What will be the nature of inter-atomic forces when deforming force applied on an 
Object (i) increases, (ii) decreases the inter-atomic separation? 
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2. If weclamp a rod rigidly at one end and a force is applied normally to its cross section 
at the other end, name the type of stress and strain? 


О сш с хо л өөө 


3. Тһе ratio of stress to strain remains constant for small deformation of a metal wire. 
For large deformations what will be the changes in this ratio? , 


5. Ifmassof4kg is attached to the end of a vertical wire of length 4 m with a diameter 
0.64 mm, the extension is 0.60.mm. Calculate the tensile stress and strain? 


Б 


8.3 Hooke’s Law 


In 1678, Robert Hooke obtained the stress-strain curve experimentally for a number of 
solid substances and established a law of elasticity known as Hooke’s law. According to 
this law: Within elastic limit, stress is directly proportional to corresponding strain. 


ie. stress a strain 
stress 

or ——— = constant 8.2 
strain (E) ( ) : 


This constant of proportionality E is a measure of elasticity ofthe substance and is called 
modulus of elasticity. As strain is a dimensionless quantity, the modulus of elasticity has 
the same dimensions (or units) as stress. Its value is independent of the stress and strain 


but depends on the nature of the material. To see this, you may like to do the following 
activity. 


Arrange a steel spring with its top fixed with a rigid support on a ud E: 
wall and a metre scale along its side, as shown in the Е ig. 8.11. Ў D 
Atdd 100 g load at a time on the bottom of the hanger in steps. It 5 
means that while putting each 100 g load, you are increasing the = 
stretching force by IN. Measure the extension. Take the reading 5 
upto 500 g and note the extension each time. E 
Plot a graph between load and extension. What is the shape of hanger 
the graph? Does it obey Hooke's law? m 

scale 


The graph should be a straight line indicating that the ratio (load/ 
extension) is constant. 


$ pe r n Fig. 8.11: Hooke’s law 
Repeat this activity with rubber and other materials. apparatus 
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You should know that the materials which obey Hooke’s law are used in spring balances 
or as force measurer, as shown in the Fig. 8.11. You would have seen that when some 
object is placed on the pan, the length of the spring increases. This increase in length 
shown by the pointer on the scale can be treated as a measure of the increase in force 
(i.e., load applied). 


Robert Hooke 
(1635 — 1703) 


Robert Hooke, experimental genius of seventeenth century, was a 
contemporary of Sir Isaac Newton. He had varied interests and 
contributed in the fields of physics, astronomy, chemistry, biology, 
geology, paleontology, architecture and naval technology. Among 
other accomplishments he has to his credit the invention of a uni- 
versal joint, an early proto type of the respirator, the iris diaphragm, anchor escape- 
ment and balancing spring for clocks. As chief surveyor, he helped rebuild London 
after the great fire of 1666. He formulated Hooke’s law of eleasticity and correct 
theory of combustion. He is also credited to invent or improve meteorological instru- 
ments such as barometer, anemometer and hygrometer. 


8.3.1 Moduli of Elasticity 


In previous sections, you have learnt that there are three kinds of strain. It is therefore 
clear that there should be three modulli of elasticity corresponding to these strains. These 
are Young’s modulus, Bulk Modulus and Modulus of rigidity corresponding to linear 
strain, volume strain and shearing strain, respectively. We now study these one by one. 


(i) Young's Modulus: The ratio of the longitudinal stress to the longitudinal strain is 
talled Young's modulus for the material of the body. 


Suppose thatw hen a w ire of length L and area of cross-section A is stretched by a force 
of magnitude F the change in its length is equal to AL. Then 


Table 8.1. Young's modulus o! 


F some typical materials 
Longitudinal stress = == 
A Name of 
AL substance Y (10 Nm?) 
and Longitudinal strain = ~~ AGER 
H F/A FxL 
ence, — Young's modulus Y = ALL TIZA 


Ifthe wire of radius r is suspended vertically with a rigid support and a mass M hangs at 
its lower end, then А = zz? and F = M g. 


MgL 
Y ялі 


(83) 
The SI unit of Y in is N m7. The values of Young's modulus for a few typical substances 


àre given in Table. 8.1. Note that steel is most elastic. 


(i) Bulk Modulus: The ratio of normal stress to the volume strain is called bulk modulus 


MODULE - 2] Physics 


Mechanics of Solids 
and Fluids 


of the material of the body. 


If due to increase in pressure P, volume V of the body decreases by AV without change in 
shape, then 


Normal stress = AP 


Volume strain = AV/V 


AP AP у 
== ey 8.4 
Bulk modulus 8 AVIV AV (84) 


The reciprocal of bulk modulus of a substance is called compressibility : 


1 1 AV 
Bee IL 8.5 
E BV. AP. @ ) 
Gases being most compressible are least elastic while solids are most elastic or least 
compressible i.e. B... > Hu B. 


(iii) Modulus of Rigidity or Shear Modulus: The ratio ofthe Shearing stress to shearing 
strain is called modulus of rigidity of the material of the body. 


Ifa tangential force F acts on an area A and Ө is the shearing strain, the modulus of rigidity 


Shearing stress д/д F 8 6 
-© Shearing strain ^ “9 ~ A40 eg 
You should know that both solid and fluids have bulk modulus. However, fluids do not have 


Young’s modulus and shear modulus because a liquid can not sustain a tensile or shearing 
\ 
stress. 


n 


[example 8.3 : Calculate the force required to increase the length of a wire of steel of 
cross sectional area 0.1 cm? by 50%. Given Y =2 x 10 № m?, 


Solution : Increase in the length of wire = 50%. If AL is the increase and L is the normal 


AL 1 
1 f wire tl — =— 
length of wire then L 2 
FxL 
Yi Goan 
or к= ZAN _ (2х10"№тг 2) (0.1.x 10m?) x1 
? 


= 0.1 x I N = 10° № 3 


[Example 8.4 : When a solid rubber ball is taken from the surface to the bottom of a lake, 
the reduction in its volume is 0.0012 %. The depth of lake is 360 m, the density of lake 
water is 10° Кет”? and acceleration due to gravity at the place is 
10 m s*. Calculate the bulk modulus of rubber. 
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Solution : 
Increase of pressure on the ball 


Р = hpg = 360m x 10 kgm? x 10 ms? 


= 3.6 x 10° Nm? 
Volume strai мз еы Ng seit 
olume strain y ipo cM 
PV 3.6x10° gt iod 
Bulk Modulus B = AP 12x105 = 3.0 x 10" Nm 


8.3.2 Poisson's Ratio 


You may have noticed that when a ru РА is 
stretched along its length, there is a contraction in its 
diameter (Fig.8.12). (This is also true for a wire but may 
not be easily visible.) While the length increases in the 
direction of forces, a contraction occurs in the 
perpendicular direction. The strain perpendicular to the 
applied force is called lateral strain. Poisson pointed 
out that within elastic limit, lateral strain is directly 
proportional to longitudinal strain i.e. the ratio of lateral 
strain to longitudinal strain is constant fora material body 
and is known as Poisson’s ratio. It is denoted by a Greek 
Fig: 8.12 : A stretched rubber letter o (sigma). If o and p are the longitudinal strain 
tube. and lateral strain respectively, then Poisson’s ratio 


с= BAG 


Ifa wire (rod or tube) of length 2 and diameter d is elongated by applying a stretching 
force by an amount A £ and its diameter decreases by Ad, then longitudinal strain 


204 
Sec 
lateral strain B= 5 
and Possion’s ratio or a T f a ae 


Si ; Р ‚з , ELT. 
Ince Poisson's ratio is a ratio of two strains, it is a pure number. 


The value of Poisson’s ratio depends only on the nature of material and for most of the 
нш, it lies between 0.2 and 0.4. When a body under tension suffers no change in 
rolume, i.s, the body is perfectly incompressible, the value of Poisson’s ratio is maximum 


іе. 0.5. Theoretically, the limiting values of Poisson’s ratio are —1 and 0.5 


$$ eee aa 
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Activity 8.2 


Take two identical wires. Make one wire to execute torsional vibrations for some time. 
After some time, set the other wire also in similar vibrations. Observe the rate of decay of 
vibrations of the two wires. 


You will note that the vibrations decay much faster in the wire which was vibrating for 
longer time. The wire gets tired or fatigued and finds it difficult to continue vibrating. This 
phenomenon is known as elastic fatigue. 


Some other facts about elasticity : 


1. Ifwe add some suitable impurity to a metal, its elastic properties are modified. 
For example, if carbon is added to iron or potassium is added to gold, their elasticity 
increases. 


2. The increase in temperature decreases elasticity of materials. For example, carbon, 
which is highly elastic at ordinary temperature, becomes plastic when heated by 


acurrent through it. Similarly, plastic becomes highly elastic when cooled in liquid 
air. 


3. The value of modulus of elasticity is independent of the magnitude of stress and 
strain, It depends only on the nature of the material of the body. 


[КИШИЛЕ 8.5: A Metal cube of side 20 cm is subjected to a shearing stress of 
10* Nm^. Calculate the modulus of rigidity, if top of the cube is displaced by 
0.01 cm. with respect to bottom. 


Solution : Shearing stress = 10*'Nm?,Ax = 0.01 ст, and y= 20 cm. 


bla ‚Ах 0.01em 
earing strain — ater 20cm eu 
Hence, 70.005 


E Shearing stress 19*Nm? 
Modulus ofrigidity п = Shearing strain © EM 


0005 
= 2х10Мт?° P 


[Жар 8.6: A 10 kg mass is attached to one end of a copper wire of length 5 m long 
and 1 mm in diameter. Calculate the extension and lateral strain, if Poisson's ratio is 0.25. 
Given Young's modulus of the wire = 11 x 10!°N m2. 


Solution : Here Z= 5 m, = 0.05 x 10? m, y= 11 x 10? Nm? F= 10 x 9.8 №, and 
o = 025. 


Extension produced in the wire 
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F.t (10 kg) х (9.8ms 7) x (5m) 
neY ^ 3.14 (0.5x10^ my x(11x10^Nm^) 


Ag = 


Si AO 

= ——_ m 
8.63 x 10° 

=5.6 x 10% т 


No i AL 
longitudinal streain = a = ЖД 


_ 5.6х10°т 
5m 
= 1.12 x 10? 


"ud І lateral strain(B) 
Poission’s ratio (6) = Tongitudinal strain(c) 


lateral strain B =o x & 
= 0,125 x 1.12 x 10? 
= 0.14 x 10°. 


Now take a break to check your progress. "i 


X^, Intext Questions 8.2 


1. Is the unit of longitudinal stress same as that of Young's modulus of elasticity? Give 
reason for your answer. 


Solids are more elastic than liquids and gases. Justify 


3. The length of a wire is cut to half. What will be the effect on the increase in itslength | 
under a given load? 

4 Two wires are made of the same metal. The length of the first wire is half that of the 
second and its diameter is double that of the second wire. If equal loads are applied 
on both wires, find the ratio of increase in their lengths? 


A wire increases by 10? of its length when a stress of 1 x 10° Nm? is applied to it. 
Calculate Young's modulus of material ofthe wire. 


[21 
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Elastic behaviour of materials plays an important role in Jig E | 
our day to day life. Pillars and beams are important parts | 
of our structures. A uniform beam clamped at one end == 

and loaded at the other is called a Cantilever [Fig.(i)]. | 
The hanging bridge of Laxman Jhula in Rishkesh and 


Vidyasagar Sethu in Kolkata are supported on cantilevers. 


A cantilever of length /, breadth b and thickness d undergoes а depress{dh 8 at its 
free end when it is loaded by a weight of mass М: 


s aM ge 
yb d? 
It is now easy to understand as to why the cross-section of girders and rails is kept 
I-shaped (Fig. ii). Other factors remaining same, 3 о, d^. Therefore, by increasing 
thickness, we can decrease depression under the same load more effectively. This 
considerably saves the material without sacrificing strength for a hear clamped nt 
both ends and loaded in the middle (Fig. iii), the sag in the middle is given by 


Gi) (ii) 


Thus for a given load, we will select a material with a large Young's 
modulus Y and again a large thickness to keep 6 small. However, a deep 
beam may have a tendency to buckle (Fig iv). To avoid this, a large load 
bearing surface is provided. In the form I-shaped cross-section, both these 
requirements are fulfilled. 


In cranes, we use a thick metal rope to lift and move heavy loads from 
one place to another. To lift a load of 10 metric tons with a steel rope of 
yield strength 300 mega pascal, it can be shown, that the minimum area of 
cross section required will be 10 cm or so. A single wire of this radius will |. 
practically be a rigid rod. That is why ropes are always made of a large (9) 
number of turns of thin wires braided together. This provides ease in 
manufacturing, flexibility and strength. 


Do you know that the maximum height of a mountain on earth can be — 10 km or else 
the rocks under it will shear under its load. 
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What You Have Learnt 


e А force which causes deformation in a body is called deforming force. 


e On deformation, internal restoring force is produced in a body and enables it to regain 
its original shape and size after removal of deforming force. 


e Тһе property of matter to restore its original shape and size after withdrawal of 
deforming force is called elasticity. 


e The body which gains completely its original state on the removal of the deforming 
forces is called perfectly elastic. 


e Ifa body completely retains its modified form after withdrawal of deforming force, it 
is said to be perfectly plastic. 


е The stress equals the internal restoring force per unit area. Its units is Nm? 


è The strain equals the change in dimension (e.g. length, volum or shape) per unit 
dimension. Strain has no unit. 


e Innormal state, the net inter-atomic force on an atom is zero. If the separation between 
the atoms becomes more than the separation in normal state, the interatomic forces 
become attractive. However, for smaller separation, these forces become repulsive. 


* The maximum value of stress up to which a body shows elastic property is called its 
elastic limit. A body beyond the elastic limit behaves like a plastic body. 


* Hooke's law states that within elastic limit, stress developed in a body is directly 
proportional to strain. 


* Young's modulus is the ratio of longitudinal stress to longitudinal strain. 
* Bulk modulus is the ratio of normal stress to volume strain. 
* Modulus of rigidity is the ratio of the shearing stress to shearing strain. 


* — Poisson’s ratio is the ratio of lateral strain to longitudinal strain. 


l. Define the term elasticity. Give examples of elastic and plastic objects. 


Explain the terms stress, strain and Hooke’s Law. 


2 
3. Explain elastic properties of matter on the basis of inter-molecular forces. 
4. Define Young’s modulus, Bulk modulus and modulus of rigidity. 

3 


Discuss the behaviour of a metallic wire under increasing load with the help of stress- 
Strain graph. 


Why steel is more elastic than rubber. 


Why poission's ratio has no units. 


& In the three states of matter i.e., solid, liquid and gas, which is more elastic and why? 
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and Fluids 9. A metallic wire 4m in length and Imm in diameter is stretched by putting a mass 4kg. 


Determine the alongation produced. Given that the Young’s modulus of elasticity for 
the material of the wire is 13.78 x 10'°N m”. 


10. A sphere contracts in volume by 0.02% when taken to the bottom of sea 1km deep. 
Calculate the bulk modulus of the material of the sphere. You make take density of 
sea water as 1000 kgm” and g = 9.8ms”. 


1l. How much force is required to have an increase of 0.2% in the length of a metallic wire 
of radius 0.2mm. Given Y = 9 x 10!°N тг. 


12. What are shearing stress, shearing strain and modulus of rigidity? 


13. The upper face of the cube of side 10cm is displaced 2mm parallel to itself when a 
tangential force of 5 x 10°N is applied on it, keeping lower face fixed. Find out the strain? 


14. Property of elasticity is of vital importance in our lives. How does the plasticity helps us? 


15. A wire of length Z and radius ғ is clamped rigidly at one end. When the other end of 
wire is pulled by a force F, its length increases by x. Another wire of the same 
material of length 2L and radius 2r, when pulled by a force 2F, what will be the 
increase in its length. 


1. IfR> R,, the nature of force is attractive and if (ii) R < R, it is repulsive. 
2. Longitudinal stress and linear strain. 

3. The ratio will decrease. 

4. Тһе stress corresponding to breaking point is known as breaking stress. 

5. 0.12 x 10!°N m?. 

8 


1. Both have same units since strain has no unit? 


2. As compressibility of liquids and gases is more than solids, the bulk modulus is recip- 
rocal of compressibility. Therefore solids are more elastic than liquid and gases. 


3. Half. 
4. 1:8 
5. 1x 10"N m?. 


Answers To Terminal Problems 
9, 0.15 m. 

10. 4.9 x 107? N m? 

11. 227N 

13. 2x 10? 

I5. 
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PROPERTIES OF FLUIDS 


1 nthe previous lesson, you have learnt that interatomic forces in solids are responsible for 
determining the elastic properties of solids.Does the same hold for liquids and gases? (These 
are collectively called fluids because of their nature to flow in suitable conditions). Have 
you ever visited the site of a dam on a river in your area / state/ region? If so, you would 
have noticed that as we go deeper, the thickness of the walls increases. Did you think of 
the underlying physical principle? Similarly, can you believe that you can lift a car, truck or 
an elephant by your own body weight standing on one platform of a hydraulic lift? Have 
you seen a car on the platform of a hydraulic jack at a service centre? How easily is it 
lifted? You might have also seen that mosquitoes can sit or walk on still water, but we 
cannot do so. You can explain all these observations on the basis of properties of liquids like 
hydrostatic pressure, Pascal’s law and surface tension. You will learn about these in this 
lesson, 


Have you experienced that you can walk faster on land than under water? If you pour 
water and honey in separate funnels you will observe that water comes out more easily 
than honey. In this lesson we will learn the properties of liquids which cause this difference 
in their flow. 


You may have experienced that when the opening of soft plastic or rubber water pipe is 
pressed, the stream of water falls at larger distance. Do you know how a cricketer swings 
the ball? How does an aeroplane take off? These interesting observations can be explained 
on the basis of Bernoulli's principle. You will learn about it in this lesson. 


ctives 
After studyin g this lesson, you would be able to : 

* calculate the hydrostatic pressure at a certain depth inside a liquid; 
* describe buoyancy and Archimedes Principle; 


* state Pascal's law and explain the functioning of hydrostatic press , hydraulic Me 
and hydraulic brakes.; 


explain surface tension and surface energy ; 
* derive an expression for the rise of water in a capillary tube; 
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e differentiate between streamline and turbulent motion of fluids; 


e define critical velocity of flow of a liquid and calculate Reynold s number; 


e define viscosity and explain some daily life phenomena based on viscosity of a 


liquid; and 


e state Bernoullis Principle and apply it to some daily life experiences. 


9.1. Hydrostatic: Pressure; : 


While pinning papers, you must have experienced that it is easier to work with a sharp 
tipped pin than a flatter one. If area is large, you will have to apply greater force. Thus we 
can say that for the same force, the effect is greater for smaller area. This effect of force 
on unit area is called pressure. 


Refer to Fig. 9.1. It shows the shape ofthe side wall of a dam. Note that it is thicker at the 
base. Do we use similar shape for the walls of our house. No, the walls of rooms are of 
uniform thickness. Do you know the basic physical characteristic which makes us to 


introduce this change? 


Fig.9.2: Forceexerted by a 
fluid on 2 
submerged object 


Fig. 9.1 : The structure of side wall of a dam 


From the previous lesson you may recall that solids develop 
shearing stress when deformed by an external force, because 
the magnitude of inter-atomic forces is very large. But fluids 
do not have shearing stress and when an object is submerged 
ina fluid, the force due to the fluid acts normal to the surf 

of the object (Fig. 9.2). Also, the fluid exerts a force on the 
container normal to its walls at all points. 


The normal force or thrust per unit area exerted by a fluid is 
called pressure. We denote it by P : 


x Thrust (9.1) 
area 


The pressure exerted by a fluid at rest is known as hydrostatic 
pressure 


ee i LE eee 


The SI Unit of pressure is Nm? and is also called pascal (Pa) in the honour of French 
scientist Blaise Pascal. 


and Fluids 


91.1 Hydrostatic Pressure at a point in 
side a liquid 


Consider a liquid in a container and an imaginary right 
circular cylinder of cross sectional area 4 and height h, as 
shown in Fig. 9.3. Let the pressure exerted by the liquid 
on the bottom and top faces of the cylinder be P,, and Р„ 
respectively. Therefore, the upward force exerted by the 
liquid on the bottom of the cylinder is РА and the downward 
force on the top of the cylinder is Р, A. 
’, The net force in upward direction is (Р,4 — PA). 
Now mass of the liquid in cylinder = density x volume of the cylinder 

= p. A. В where p is the density of the liquid. 
г. Weight of the liquid in the cylinder = p. g. h. A 
Since the cylinder is in equilibrium, the resultant force acting or it must be equal to zero, i.e. 


РА -PA-pgh А =0 
Р P,-P,=pgh (9.2) 


Fig. 9.3: Animaginary 
cylinder of height 4 
ina liquid. 


So, the pressure P at the bottom of a column of liquid of height h is given by 


P=pgh 


That is, hydrostatic pressure due to a fluid increases linearly with depth. It is for this reason 
that the thickness of the wall of a dam has to be increased with increase in the depth of the 
dam. 


If we consider the upper face of the cylinder to be at the open surface of the liquid, as 
shown in Fig.(9.4), then P, will have to be replaced by Pm (Atmospheric pressure). If 
We denote P, by P, the absolute pressure at a depth below tie surface will be 


a~ free surface of 
the liquid 


Fig. 9.4 : Cylinder in a liquid with one face at the surface of the liquid 
P-PR,*pgh 
үг P=P,+pgh (93) 
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Note that the expression given in Eqn. (9.3) does not show any term having area of the | 
cylinder It means that pressure in a liquid at a given depth is equal, irrespective of the 
shape of the vessel(Fig 9.5). 


Fig. 9.5: Pressure does not depend upon shape f the versel. 


[Example 9.1: A cemented wall of thickness one metre can withstand a side pressure of 
10° Nm. What should be the thickness of the side wall at the bottom of a water dam of 
depth 100 m. Take density of water = 10? kg m? and g = 9.8 ms”, 
Solution: The pressure on the side wall of the dam at its bottom is given by 
P=hdg 

= 100 x 10?x 9,8 

= 9,8 x 10° Nm? 
Using unitary method, we can calculate the thickness of the wall, which will withstand 
pressure of 9.8x 105 Nm?, Therefore thickness of the wall 


mr 105 Nm? 


5 EI 
10 Nm 
=9.8 т ps 


9.1.2 Atmospheric Pressure 


We know that the earth is surrounded by an atmosphere upto a height of about 200 km. 
The pressure exerted by the atmosphere is known as the atmospheric pressure. A German 
Scientist О.У. Guericke performed an experiment to demonstrate the force exerted 01 
bodies due to the atmospheric pressure. He took two hollow hemispheres made of coppeb 
having diameter 20 inches and tightly joined them with each other. These could easily be 
separated when air was inside. When air between them was exhausted with an air pump, 
8 horses were required to pull the hemispheres apart. 


Toricelli used the formula for hydrostatic pressure to determine 
the magnitude of atmospheric pressure. 


He took a tube of about 1 m long filled with mercury of density 
13,600 kg тг? and placed it vertically inverted in a mercury 
tub as shown is Fig. 9.6. He observed that the column 0 


76 cm of mercury above the free surface remained filled in 
the tube. 


Fig:9.6: Toricelli's 
Barometer 


In equilibrium, atmospheric pressure equals the pressure 
exerted by the mercury column. Therefore, 


BEER "UC RENT eT оноов, 
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Pa," AP = 0.76 x 13600 x 9.8 Nm? 
=1.01 x 105 Nm? 
=1.01 х 10° Pa 


9.2 Buoyancy 


It is a common experience that lifting an object in water is easier than lifting it in air. It is 
because of the difference in the upward forces exerted by these fluids on these object. 
The upward force, which acts on an object when submerged in a fluid, is known as buoyant 
force, The nature of buoyant force that acts on objects placed inside a fluid was discovered 
by. Archimedes Based on his observations, he enunciated a law now known as Archimedes 
principle, It state that when an object is submerged partially or fully in a fluid, the 
magnitude of the buoyant force on it is always equal to the weight of the fluid displaced 
by the object. 

The different conditions of an object under buoyant force is shown in Fig 9.7. 


КАШ, 


(a): The magnitude of (b): Atotallysubmerged (0): A totally submerged 
buoyant force B on the object of density less than object denser than the fluid 
object is exactly equal that of the fluid sinks. 

to its weight experiences a net upward 

in equilibrium. force. 


Another example of buoyant force is provided by the motion 


of hot air balloon shown in Fig. 9.8. Since hot air has less 
density than cold air, anet upward buoyant force on the balloon 
makes it to float. 

Floating objects 

You must have observed a piece of wood floating on the 
Surface of water, Can you identify the forces acting on it 
when it is in equilibrium? Obviously, one of the forces is due 
to gravitational force, which pulls it downwards. However, 
the displaced water exerts buoyant force which acts upwards. 


These forces balance each other in equilibrium state and the Fig. 9.8: Hot air balloon 
Object is then said to be floating on water. It means that a floating in air 
floating body displaces the fluid equal to its own weight. 
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Archimedes 
(287-212 B.C) 


A Greek physicist, engineer and mathematician was perhaps 
the greatest scientist of his time. He is well known for 
discovering the nature of buoyant forces acting on objects. 
The Archimedes screw is used even today. It is an inclined 
rotating coiled tube used originally to lift water from the hold 
of ships. He also invented the catapult and devised the system 
of levers and pulleys. 


Once Archimedes was asked by king Hieron of his native city Syracuse to determine 
whether his crown was made up of pure gold or alloyed with other metals without 
damaging the crown. While taking bath, he got a solution, noting a partial loss of 
weight when submerging his arm and legs in water. He was so excited about his 
discovery that he ran undressed through the streets of city shouting “ Eureka, Eureka", 
meaning I have found it. 


9.3 Pascal's Law 


While travelling by a bus, you must have observed that the driver stops the bus by applying 
a little force on the brakes by his foot. Have you seen the hydraulic jack or lift which can 
lift a car or truck up to a desired height? For this purpose you may visit a motor workshop. 
Packing of cotton bales is also done with the help of hydraulic press which works on the 
same principle. 


These devices are based on Pascal's law, which states that when pressure is applied at 
any part of an enclosed liquid, it is transmitted undiminished to every point of the 
liquid as well as to the walls of the container. 


This law is also known as the law of transmission of liquid pressure. 
9.3.1 Applications of Pascal's Law 


(A) Hydraulic Press/Balance/Jack/Lift 


It is a simple device based on Pascal's law and is used to lift heavy loads by applying à 
small force. The basic arrangement is shown in Fig.9.9. Let a force Е be applied to the 
smaller piston of area 4,. On the other side, the piston of large area A, is attached to a 
platform where heavy load may be placed. The pressure on the smaller piston is transmitted 
to the larger piston through the liquid filled in-between the two pistons. Since the pressure 
is same on both the sides, we have 


Fig. 9.9 : Hydraulic lift 


ENDING regens | MODULE -2 


f Mechanics of Solids 
Boe E and Fluids 


Pressure on the smaller piston, P = 
area А 


According to Pascal’s law, the same pressure is transmitted to the larger cylinder of area A.. 
Hence the force acting on the larger piston 


R A 9.4 
PELA (94) 


It is clear from Eqn. ( 9.4) that force F,> F, by an amount equal to the ratio (4,/A,) 


Е = pressure x area = 
2 


With slight modifications, the same arrangement is used in hydraulic press, hydraulic balance, 
and hydraulic Jack, etc. 


(B) Hydraulic Jack or Car Lifts 
,1Kg 


100 Kg 


Atautomobile service stations, you would 
see that cars, buses and trucks are raised 
to the desired heights so that a mechanic 
can work under them (Fig 9.10). This is 
done by applying pressure, which is 
transmited through a liquid to a large | | quis 
surface to produce sufficient force needed 
to lift the car. 


8 P TIEFE TEE EU FIT Ia 


(C) Hydraulic Brakes 


While traveling in a bus or a car, we see 
how a driver applies a little force by his 
foot on the brake paddle to stop the 
Vehicle. The pressure so applied gets { 
transmitted through the brake oil to the piston ШШ @ ы 
of slave cylinders, which, in turn, pushes the Ok x: 
break shoes against the break drum in all 
four wheels, simultaneously. The wheels stop 
rotating at the same time and the vehicle 
Comes to stop instantaneously. 


УУУУ 
SEAS 


N 
N 
N 
N 
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Intext Questions 9.1 


2 Calculate the pressure at the bottom of an ocean at a depth of 1500 m. Take the 
density of sea water 1.024 x 10° kg m°, atmospheric pressure-1.01 x 105 Pa 
and g = 9.80 ms. 


3. An elephant of weight 5000 kg f is standing on the bigger piston of area 10 m? ofa 


MODULE - 2 


Mechanics of Solids 
and Fluids 


hydraulic lift. Can a boy of 25 kg wt standing on the smaller piston of area 0.05m? 
balance or lift the elephant? 


4. Ifa pointed needle is pressed against your skin, you are hurt but if the same force is 
applied by a rod on your skin nothing may happen. Why? 


5. A body of 50 kg f is put on the smaller piston of area 0.1m? of a big hydraulic lift. 
Calculate the maximum weight that can be balanced on the bigger piston of area 
10m? of this hydraulic lift. ү 


9.4 Surface Tension 


It is common experience that in the absence of external forces, drops of liquid are always 
spherical in shape. If you drop small amount of mercury from a small height, it spreads in 
small spherical globules. The water drops falling from a tap or shower are also spherical. 
Do you know why it is so? You may have enjoyed the soap bubble game in your childhood. 
But you can not make pure water bubbles with same case? All the above experiences are 
due to a characteristic property of liquids, which we call surface tension. To appreciate 
this, we would like you to do the following activity. 


Activity 9.1 


1. Prepare a soap solution. 
2. Adda small amount of glycerin to it. 


3. Take a narrow hard plastic or glass tube. Dip its one end in the soap solution so that 
some solution enters into it. 


4. Take it out and blow air at the other end with your mouth. 
5. Large soap bubble will be formed. 
6. Give a jerk to the tube to detach the bubble which then floats in the air. 


To understand as to how surface tension arises, let us refresh our knowledge of 


intermolecular forces. In the previous lesson, you have studied the variation of intermolecular 
forces with distance between the centres of molecules/atoms. 


The intermolecular forces are of two types: cohesive and adhesive. Cohesive forces 
characterise attraction between the molecules of the same substance, whereas force of 
adhesion is the attractive force between the molecules of two different substances. It is 
the force of adhesion which makes it possible for us to write on this paper. Gum, Fevicol 
etc. show strong adhesion. 


We hope that now you can explain why water wets glass while mercury does not. 


ipm 


To show adhesive forces between glass and water molecule. 
1. Take a clean sheet of glass 
2. Put a few drops of water on it 

3. Hold water containing side downward. 


4. Observe the water drops. 


Glass sheet 


Water drops 


Fig. 9.12 Water drops remain stuck to the glass sheet 


The Adhesive forces between glass and water molecules keep the water drops sticking on 
the glass sheet, as shown in Fig. 9.12. 


94.1 Surface Energy 


The surface layer of a liquid in a container exhibits 
a property different from the rest of the liquid. In Spheres of molecular attraction 
Fig. 9.13, molecules are shown at different heights 
ina liquid. A molecule, say P, well inside the liquid is iori Wi 
attracted by other molecules from all sides. 


However, it is not the case for the molecules at the 
Surface, 


Fig9.13: Resultant force acting on P 


Molecules S and R, which lie on the surface layer, and Q is zero but molecules 
experience a net resultant force downward because R and S experience a net 
the number of molecules in the upper half of sphere vertically downward force. 


of influence attracting these molecules is less than 

those in the lower half. If we consider the molecules of liquid on the upper half of the 
Surface of the liquid or liquid-air interface, even then the molecules will experience a net 
downward force because of less number of molecules of liquid. Therefore, if any liquid 
molecule is brought to the surface layer, work has to be done against the net inward force, 
Which increases their potential energy. This means that surface layer possesses an additional 
energy, which is termed as surface energy. 


н а system to be in equilibrium, its potential energy must be minimum. Therefore, 
area of surface must be minimum, That is why free surface of a liquid at rest tends 
М E minimum surface area. This produces a tension in the surface, called surface 
*nsion, 
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Surface tension is a property of the liquid surface due to which it has the tendency 
to decrease its surface area. As a result, the surface of a liquid acts like a stretched 
membrane You can visualise its existence easily by placing a needle gently on water 3 
surface and see it float. у 


Let us now understand this physically. Consider an imaginary line АВ drawn at the surface 
of a liquid at rest, as shown in Fig 9.14. The surface on either side of this line exerts a 
pulling force on the surface on the other side. 


The surface tension of a liquid can be defined as the force 
per unit length in the plane of liquid surface : 


T =FIL (9.5) 


where surface tension is denoted by Тапа F is the magnitude 
oftotal force acting in a direction normal to the imaginary line 
of length L, (Fig 9.14) and tangential to the liquid surface. SI 
unit of surface tension is Nm” and its dimensions are [MT]. 


Fig. 9.14 : Direction of 
surface tension Let us take a rectangular frame, as shown in Fig. 9.15 having 
ona liquid a sliding wire on one of its arms. Dip the frame in a soap 
surface solution and take out. A soap film will be formed on the frame 
and have two surfaces. Both the surfaces are in contact with 
the sliding wire, So we can say that surface tension acts on the wire due to both these 
surfaces. ` 


Let T be the surface tension of the soap solution and L be the length of the wire. 


[EH 
| 


Fig.9.15 : A Film їп equilibirum 


The force exerted by each surface on the wire will be equal to 7 x L. Therefore, the total 
force F on the wire = 27L. 


Suppose that the surfaces tend to contract say, by Ax. To keep the wire in equilibrium We 
will have to apply an external uniform force equal to F. If we increase the surface area of 
the film by pulling the wire with a constant speed through a distance Ax, as shown in Fig. 
9.15b, the work done on the film is given by 


W =F x Ax=Tx2L x Ax 


where 22 x Ax is the total increase in the area of both the surfaces of the film. Let us 
denote it by A. Then, the expressopm for work done on the film simplifies to 


W=TxA 
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This work done by the external force is stored as the potential energy of the new surface 
and is called as surface energy. By rearranging terms, we get the required expresion for 
surface tension : : 


T = ИА (9.6) 


Thus, we see that surface tension of a liquid is equal to the work done in increasing 
the surface area of its free surface by one unit. We can also say that surface tension 
is equal to the surface energy per unit area. 


We may now conclude that surface tension 


e isa property of the surface layer of the liquid or the interface between a liquid and 
any other substance like air; 


e tends to reduce the surface area of the free surface of the liquid; 


e acts perpendicular to any line at the free surface of the liquid and is tangential to its 
meniscus; 


e  hasgenesis in intermolecular forces, which depend on temperature; and 


e decreases with temperature. 
A simple experiment described below demonstrates the property of surface tension of 
liquid surfaces. 


Take a thin circular frame of wire and dip it in a soap solution. You will find that a soap film 
is formed on it. Now take a small circular loop of cotton thread and put it gently on the soap 
film. The loop stays on the film in an irregular shape as shown in Fig. 9.16(a). Now take a 
needle and touch its tip to the soap film inside the loop. What do you observe? 


Fig. 9.16 (b): Theshape ofthe thread 


Еір 9.16 (а): A soap film with 
without inner soap film 


closed loop of thread 


You will find that the loop of cotton thread takes a circular shape as shown in Fig 9.16(b). 
Initially there was soap film on both sides of the thread. The surface on both sides pulled it 
and net forces of surface tension were zero. When inner side was punctured by the needle, 
the outside surface pulled the thread to bring it into the circular shape, so that it may 
acquire minimum area. 


9.4.2 Applications of Surface Tension 


(a) Mosquitoes sitting on water 


In rainy reason, we witness spread of diseases like dengue, malaria and chickungunya by 
Mosquito breeding on fresh stagnant water. Have you seen mosquitoes sitting on water 
Surface? They do not sink in water due to surface tension. At the points where the legs of 
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the mosquito touch the liquid surface, the surface becomes concave due to the weight of 
the mosquito. The surface tension acting tangentially on the free surface, therefore, acts 
at a certain angle to the horizontal. Its vertical component acts upwards. The total force 
acting vertically upwards all along the line of contact of certain length balances the weight 
of the mosquito acting vertically downward, as shown in Fig 9.17. 


Leg of mosquito 


leg of mosquito 


Fig. 9.17: The weight ofa mosquito is balanced by the force of surface tension = 27 rT cos Ө 
(a) Dip in the level to form concave surface, and (b) magnified image 


(b) Excess pressure on concave side of a spherical surface 


Consider a small surface element with a line PQ of unit length on it, as shown in Fig. 9.18. 
If the surface is plane, i.e. Ө = 90°, the surface tension on the two sides tangential to the 
surface balances and the resultant tangential force is zero [Е ig. 9.18 (a)]. If, however, the 
surface is convex, [Fig. (9.18 (b)] or concave [Fig. 9.18 (c)], the forces due to surface 
tension acting across the sides of the line PQ will have resultant force R towards the 
center of curvature of the surface. 


Thus, whenever the surface is curved, the surface tension gives rise to a pressure directed 
towards the center of curvature of the surface. This pressure is balanced by an equal and 
opposite pressure acting on the surface. Therefore, there is always an excess pressure on 
the concave side of the curved liquid surface [Fig. (9.18 b)]. 


R (Resultant 
force) 


Fig. 9.18: (a) plane surface (b) convex surface (c) concave surface 


(i) Spherical drop 
A liquid drop has only one surface i.e. the outer surface. (The liquid area in contact with 
air is called the surface of the liquid.) Let r be the radius of a small spherical liquid drop 


and P be excess pressure inside the drop (which is concave on the inner side, but convex 
on the outside). Then 


Р =(Р-Р) 
where P, and P, are the inside and outside pressures of the drop, respectively (Fig 9.192) 


If the radius of the drop increases by Ar due to this constant excess pressure P, then 
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increase in surface area of the spherical drop is given by 
AA = An (r + Ar? Anr? 
=8nrAr 


where we have neglected the term containing second power 
of Ar. 


The work done on the drop for this increase іп area is given Fig, 9,19 (a): A spherical 
by drop 
W = Extra surface energy = TAA = T. 81 r Ar (9.7) 


If the drop is in equilibrium, this extra surface energy is equal to the work done due to 
expansion under the pressure difference or excess pressure P: 


Work done = P AV =P. 4n r? Ar (9.8) 
On combining Eqns. (9.7) and (9.8), we get 
P.4n Ar = T8nr Ar 
Or P= 2Т/ғ (9.9) 
(ii) Air Bubble in water 


Anair bubble also has a single surface, which is the inner surface 
(Fig. 9.19b). Hence, the excess of pressure P inside an air bubble 
of radius r in a liquid of surface tension T is given by 


P= 2Тғ (9.10) 


(iii) Soap bubble floating in air 


The soap bubble has two surfaces of equal surface area (i.e. Fig. 9.19 b; Air Bubble 
the outer and inner), as shown in Fig. 9.19(c). Hence, excess 
Pressure inside a soap bubble floating in air is given by P, 


P -4Tlr (9.11) 
Where T'is suface tension of soap solution. 4 
" г аг 
This is twice that inside a spherical drop of same radius or an air "ЗЯ 
bubble in water, Now you can understand why a little extra pressure g-9.19 (c) 


is needed to form a soap bubble. 


[Example 9.3: Calculate the difference of pressure between inside and outside of a 
(i) spherical soap bubble in air, (ii) air bubble in gol and (iii) spherical drop of water, 
each of radius 1 mm. Given surface tension of water = 7.2 x 10? Nm" and surface 
‘tension of soap solution = 2.5 x 10? Nar’. 


Solution: 


(i) Excess pressure inside a soap bubble of radius r is 
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4x2.5x10 
= — Nm” 
1x10 ~m 
= 100 Nm? 


(ii) Excess pressure inside an air bubble in water 


-2T'lr 


—2x72x10 7 Nm! 
1x10?m 
=144 Nm? 


(iii) Excess pressure inside a spherical drop of water =27'/ r 


= 144 Nm? 3 


(c) Detergents and surface tension 


You may have seen different advertisements highlighting that detergents can remove oil 
stains from clothes. Water is used as cleaning agent. Soap and detergents lower the surface 
tension of water. This is desirable for washing and cleaning since high surface tension of 
| pure water does not allow it to penetrate easily between the fibers of materials, where dirt 
particles or oil molecules are held up. 


You now know that surface tension of soap solution is smaller than that of pure water but the 
surface tension of detergent solutions is smaller than that of soap solution. That is why 
detergents are more effective than soap. A detergent dissolved in water weakens the hold of 
dirt particles on the cloth fibers which therefore, get easily detached on squeezing the cloth. 


Inert ends surround dirt and the platter dirt 
can now be dislodged say by moving water. 


Dirt is held suspended, surrounded by soap 
: В D molecules. 
Detergent is added the inert waxy ends of its 
molecules are attracted to boundary where 
water meals dirt. 
Fig: 9.20 : Detergent action 
The addition of detergent, whose molecules attract water as well as oil, drastically reduces 
the surface tension (7) of water-oil. It may even become favourable to form such in 


EM — И 
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i.e. globes of dirt surrounded by detergent and then by water. This kind of process using 


surface active detergents is important for not only cleaning the clothes but also in recovering 
oil, mineral ores etc. 


(d) Wax-Duck floating on water 


You have learnt that the surface tension of liquids decreases due to dissolved impurities. If 
you stick a tablet of camphor to the bottom of a wax-duck and float it on still water 
surface, you will observe that it begins to move randomly after a minute or two. This is 
because camphor dissolves in water and the surface tension of water just below the duck 
becomes smaller than the surrounding liquid. This creates a net difference of force of 
surface tension which makes the duck to move. 


Now, it is time for you to check how much you have learnt. Therefore, answer the following 
questions. 


1. What is the difference between force of cohesion and force of adhesion? 


5. Which of the following has more excess pressure? 
(i) An air bubble in water of radius 2 cm. Surface tension of water is 727 x 10? Nn" or 


(ii) А soap bubble in air of radius 4 cm. Surface tension of soap solution is 25 x 10?Nnr'. 
LU —————d $ 


Angle of: Contact 


You can observe that the free surface of a liquid kept in a container is curved. For example, Ё 
when water is filled in a glass jar, it becomes concave but if we fill water in a paraffin wax f 
Container, the surface of water becomes convex. Similarly, when mercury is filled in a 
glass jar, its surface become convex. Thus, we see that shape of the liquid surface ina § 
Container depends on the nature of the liquid, material of container and the medium above 
free surface of the liquid. To characterize it, we introduce the concept of angle of contact. 


Itis the angle that the tangential plane to the liquid surface makes with the tangential ; 
Plane to the wall of the container, to the point of contact, as measured from within | 
the liquid, is known as angle of contact. i 
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Fig. 9.21 shows the angles of contact 
for water in a glass jar and paraffin jar. - 
The angle of contact is acute for concave 
spherical meniscus, e.g. water with glass 
and obtuse (or greater than 90°) for 
convex spherical meniscus e.g. water 
in paraffin or mercury in glass tube, | 


Various forces act on a molecule in the 

surface of a liquid contained in a vessel 

near the boundary of the menisus. As 

the liquid is present only in the lower 

Fig 9.21: Nature of free surface when water is quadrant, the resultant cohesive force 

filled in (a) glass jar, and acts on the molecule at P symmetrically, 

(b) paraffin wax jar as shown in the Fig.9.22(a). Similarlydue 

to symmetry, the resultant adhesiye 

force Е, acts outwards at right angles to the walls of the container vessel . The force E. 

can be resolved into two mutually perpendicular components F, cos Ө acting vertically 

downwards and F, sin Ө acting at right angled to the boundary, The value of the angle of 
contact depends upon the relative values of F, and F,. 


Ee—kR------ >F sint «e—a 

N L 
! 
! 
' 


(b) (с) 


Fig. 9.22 : Different shapes of liquid meniscuses 


CASE 1: If F,> Е, sin Ө, the net horizontal force is outward and the resultant of (Fa -F 
sin 0) and F, cos 0 lies outside the wall. Since liquids can not sustain constant shear, 
liquid surface and hence all the molecules in it near the boundary adjust themselves at i 
angles to F, so that no component of F acts tangential to the liquid surface. Obvi 
such a surface at the boundary is concave spherical ( Since radius of a circle is perpendi 

to the circumference at every point.) This is true in the case of water filled in a glass tube. 


Case 2 : If Е, < F, sin Ө the resultant F of (F, sin Ө — F,) acting horizontally and | 
Е. соз Ө acting vertically down wards is in the lower quadrant acting into the liquid. The 


liquid surface at the boundary, therefore, adjusts itself at right angles to this and hence 
becomes convex spherical. This is true for the case of mercury filled in the glass tube. 


Case 3 : When Е, = Е, ѕіпӨ, the resultant force acts vertically downwards and hence the 
liquid surface near the boundary becomes horizontal or plane. 


9.6 Capillary Action 


You might have used blotting paper to absorb extra ink from your notebook. The ink rises 
in the narrow air gaps in the blotting paper. Similarly, if the lower end of a cloth gets wet, 
water slowly rises upward. Also water given to the fields rises in the innumerable capillaries 
in the stems of plants and trees and reaches the branches and leaves. Do you know that 
farmers plough their fields only after rains so that the capillaries formed in the upper layers 
of the soil are broken. Thus, water trapped in the soil is taken up by the plants. On the other 
hand, we find that when a capillary tube is dipped into mercury, the level of mercury inside 
itis below the outside level. Such an important phenomenon of the elevation or depression 
ofa liquid in an open tube of small cross- section (i.e., capillary tube) is basically due to 
surface tension and is known as capillary action. 


The phenomenon of rise or depression of liquids in capillary tubes is known as 
capillary action or capillarity. 
9.6.1 Rise of a Liquid in a Capillary Tube 


Let us take a capillary tube dipped in a liquid, say water. The meniscus inside the tube will 
be concave, as shown in Fig. 9.23 (a). This is essentially because the forces of adhesion 
between glass and water are greater than cohesive forces. 


(b) 
Fig. 9.23 : Capillary action 


Let us consider four points A, B, C and D near the liquid-air interface Fig. 9.23(a). We 
OW that pressure just below the meniscus is less than the pressure just above it by 27/R, i.e. 


P,-P,-2TR . (9.12) 
Where T is surface tension at liquid-air interface and Ё is the radius of concave surface. 


But Pressure at A is equal to the pressure at D and is equal to the atmospheric pressure 
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P (say). And pressure at D is equal to pressure at C . Therefore, pressure at B is less than 
pressure at D. But we know that the pressure at all points at the same level in a liquid к 
be same. That’s why water begins to flow from the outside region into the tube to makeup 
the deficiency of pressure at point B. "5 


Thus liquid begins to rise in the capillary tube to a certain height / (Fig 9.23 b) till the 
pressure of liquid column of height h becomes equal to 27/R.. Thereafter, water si 
rising. In this condition a 


hpg=2T/R (9.13), 


where p is the density of the liquid and g is the acceleration due to gravity. If r be radius. 
of capillary tube and Ө be the angle of contact, then from | 


Fig. 9.24, we can write E 
й 

R = ғ /соѕӨ % 
Substituting this value of R in Equation (9.13) y 


d 
hp g 7 2T! ғ cos Ө 1 
or h=2T cos0 / rpg (9.14) - 


It is clear from the above expression that if the radius of 

tube is less (i.e. in a very fine bore capillary), liquid rise 

will be high. ip 
àl 


[7 тиек Questions: 93 | W 
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1. Does the value of angle of contact depend on the surface tension of the liquid? { 


2. The angle of contact for a solid and liquid is less than the 90°. Will the liquid wet the 
` — solid? Ifa capillary is made of that solid, will the liquid rise or fall in it? 


3. Why itis difficult to enter mercury in a capillary tube, by simply dipping it into a vessel 
containing mercury while designing a thermometer. 


4. Calculate the radius of a capillary to have a rise of 3 cm when dipped in a vessel 
containing water of surface tension 7.2 x 10? N m”, The density of water IS 
1000 kg m^, angle of contact is zero, and g = 10 m s ye 


9.7 Viscosity 


If you stir a liquid taken in a beaker with a glass rod in the 
middle, you will note that the motion of the liquid near the 
walls and in the middle is not same (Fig.9.25). Next watch 
the flow of two liquids (e.g. glycerin and water) through 
identical pipes. You will find that water flows rapidly out of 
the vessel whereas glycerine flows slowly. Drop a steel ball 
through each liquid. The ball falls more slowly in glycerin 
than in water. These observations indicate a characteristic 
property of the liquid that determines their motion. This 
property is known as viscosity. Let us now learn how it 
arises, 


9.7.1 Viscosity 


We know that when one body slides over the other, a frictional force acts between them. 
Similarly, whenever a fluid flows, two adjacent layers of the fluid exert a tangential force 
on each other; this force acts as a\drag and opposes the relative motion between them. 
The property of a fluid by virtue of which it opposes the relative motion in its adjacent 
layers is known as viscosity. 


Fig. 9.25: Water being 
stirred witha 
glass rod 


Fig. 9.26 shows a liquid flowing through a tube. The layer of the liquid in touch with the 
wall of the tube can be assumed to be stationary due to friction between the solid wall 
and the liquid. Other layers are in motion and have different velocities Let v be the velocity 
ofthe layer at a distance x from the surface and v + dv be the velocity at a distance x + 
dx. 


Moving 


Rest 
Fig. 9.26 : Flow of a liquid in a tube: Different layers move with different velocities 


Thus, the velocity changes by dv in going through a distance dx perpendicular to it. The 
Quantity du/dy is called the velocity gradient. 


The Viscous force F between two layers of the fluid is proportional to 


` area (4) of the layer in contact : Ға A 
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* velocity gradient (dv/dx) in a direction perpendicular to the flow of liquid : F a du/dx 
On combining these, we can write 

Е aA dv/dx 
or Е =-nA (dv/dx) (9.15) 


where т] is constant of proportionality and is called coefficient of viscosity. The negative 
sign indicates that force is frictional in nature and opposes motion. 


The SI unit of coefficient of viscosity is Nsm™~. In cgs system, the unit of viscosity is poise. 


Table 10.1 : Viscosity ofa 1 poise = 0.1 Nsm? 


few typical fluids 


of fluid (PR) 

r 
| water | 100 | 03x10? 
Fea Гь 


Dimensions of coefficient of viscosity are [ML-' Т-!] 


9.8 Types of Liquid Flow 


Have you ever seen a river in floods? Is it similar to the flow of water in a city water 
supply system? If not, how are the two different? To djscover answer to such questions, 
let as study the flow of liquids. 


9.8.1 Streamline Motion 


The path followed by fluid particles is 
called line of flow. If every particle 
passing through a given point of the path 
follows the same line of flow as that of 
preceding particles, the flow is said to 
be streamlined. A streamline can be 
Fig. 9.27: Streamline flow represented as the curve or path whose 
tangent at any point gives the direction 


of the liquid velocity at that point. In steady flow, the streamlines coincide with the line of 
flow (Fig. 9.27). 


Note that streamlines do not intersect each other because two tangents can then be drawn 
at the point of intersection giving two directions of velocities, which is not possible. 


When the velocity of flow is less than the critical velocity of a given liquid flowing through 
a tube, the motion is streamlined. In such a case, we can imagine the entire thickness 
of the stream of the liquid to be made up of a large number of plane layers (laminae) 
one sliding past the other, i.e. one flowing over the other. Such a flow is called /aminar 


flow. 


If the velocity of flow exceeds the critical velocity v,, the mixing of streamlines takes 
place and the flow path becomes zig-zag. Such a motion is said to be turbulent. 


9.8.2 Equation of Continuity 


If an incompressible, non-viscous fluid flows through a tube of non-uniform cross section, 


, аш 
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the product of the area of cross section and the fluid speed at any 
point in the tube is constant for a streamline flow. Let A, and A, 
denote the areas of cross section of the tube where the 
fluid is entering and leaving, as shown in Fig. 9.28. 

If v, and v, are the speeds of the fluid at 
the ends A and B respectively, and 
pis the density of the fluid, then 
the liquid entering the tube at A A 
covers a distance v, in one 

second. So volume of the liquid entering per second- A, x 0. Therefore 


А, 


Fig. 9.28: Liquid flowing through a tube 


Mass of the liquid entering per second at point A= 4, V, P 
Similarly, mass of the liquid leaving per second at point B = A, V, p 


Since there is no accumulation of fluid inside the tube, the mass of the liquid crossing any 
section of the tube must be same. Therefore, we get 


A, V, P 74, Up 
pt AU, =A, V, 


This expression is called equation of continuity. 


9.8.3 Critical Velocity and Reynolds's Number 


We now know that when the velocity of flow is less than a certain value, valled critical 
velocity, the flow remains streamlined. But when the velocity of flow exceeds the critical 
velocity, the flow becomes turbulent. 


The value of critical velocity of any liquid depends on the 
* nature of the liquid, i.e. coefficient of viscosity ( 1 ) of the liquid; 
* diameter of the tube (d) through which the liquid flows; ий 
* density of the liquid (р). 
_ Experiments show that v, a n ; U, & — and v,a t 
Hence, we can write И 
v, = Rn/p d : ke 


Where Risconstant of proportionality and is called Reynolds's Number. It has no dimensions. 
Experiments show that if R is below 1000, the flow is laminar. The flow becomes unsteady 
When R is between 1000 and 2000 and the flow becomes turbulent for R greater than 2000. 


[Example 9.1: The average speed of blood in the artery (d =2.0 cm) during the resting 
Part of heart’s cycle is about 30 cm s". Is the flow laminar or turbulent? Density of blood 


1.05 g cm?; and т = 4.0 x 107 poise. 
Solution: From Eqn. (9.16) we recall that Reynold’s number R= v, р ат. On substituting 
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(30 cms ')x2em x (1.05gcm?) 
x (4.0x10?gcm s^) 


= 1575 
Since 1575 « 2000, the flow is unsteady. ina 


9.9 Stokes’ Law 


George Stokes gave an empirical law for the magnitude of the tangential backward viscous 
force F acting on a freely falling smooth spherical body of radius r in a highly viscous 
liquid of coefficient of viscosity т moving with velocity v. This is known as Stokes? law, 


According to Stokes’ law 
Гот ғо 

ог F=Kyrv 
where K is constant of proportionality, It has been found experimentally that K = бт. 
Hence Stokes’ law can be written as 

F-6nnrv . (9.17) 
Stokes' Law can also be derived using the method of dimensions as follows: 
According to Stokes, the viscous force depends on: 
* coefficient of viscosity (n) ofthe medium 


€ radius of the spherical body (r) 
| € velocity ofthe body (v) 
Then Fan’ rv 
or Е=Ктү rv 
where K is constant of короолу 
Taking dimensions on both the sides, we get 
[MLT?] = [міт [L) [LT]: 
or [MLT?] = [M° Lee Te] 
Comparing the exponents on both the sides and solving the equations we get a 7 b c 7l: 


Hence F=Kyrv 
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9.9.1 Terminal Velocity Mechanics of Solids 


viscous liquid 


Let us consider a spherical body of radius r and density p falling 
through a liquid of density с. 


The forces acting on the body will be 


(i) Weight ofthe body W acting downward. 
(i) The viscous force F acting vertically upward. Fig. 9.29: Force acting on a sphere 
(iii) Тһе buoyant force B acting upward. falling in viscous fluid 


Under the action of these forces, at some instant the net force on the body becomes zero, 
(since the viscous force increases with the increase of velocity). Then, the body falls with 
aconstant velocity known as terminal velocity. We know that magnitude of these forces 
are 


Е -6nnrv, 
where v, is the terminal velocity. 
№ = (4/3) пт pg 
and В = (4/3) nr og 


The net force is zero when object attains terminal velocity. Hence 
4 4 
6ётлтїг»= у mr pg- 3*^ og 


_ 2 (@-o)8 


9. 
Wr (9.18) 


Hence v 


9.9.2 Applications of Stokes’ Law 


A. Parachute 


When a soldier jumps from a flying aeroplane, he falls with acceleration due to gravity g 
but due to viscous drag in air, the acceleration goes on decreasing till he acquires terminal 
velocity. The soldier then descends with constant velocity and opens his parachute close 
to the ground at a pre-calculated moment, so that he may land safely near his destination. 


| В. Velocity of rain drops 


When raindrops fall under gravity, their motion is opposed by the viscous drag in air. When 
viscous force becomes equal to the force of gravity, the drop attains a terminal velocity. 
That is why rain drops reaching the earth do not have very high kinetic energy. 


[Example 9.2: Determine the radius of a drop of rain falling through air with terminal 
velocity 0.12 ms“. Given n = 1.8 х 105 kg ms", р = 1.21 kg m*,o= 1.0 x 10° kg m? 
and g = 9.8 ms”. 


Solution: We know that terminal velocity is given by 
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2r (p- c)g 
D 9n 
On rearranging terms, we can write 


9nu, 
Ais 120-9 
9х1.8х105 x 0.12 
= 4 2(1000—1.21)9.8 ™ 


=105т -. d 


[C^ Intext Questions 94 | 


1. Differentiate between streamline flow and turbulent flow? 


2. Сап two streamlines cross each other in a flowing liquid? 


3. Мате the physical quantities on which critical velocity ofa viscous liquid depends. 


4. Calculate the terminal velocity of a rain drop of radius 0.01m if the coeflicient of 


viscosity of air is 1.8 x 10 Ns m? and its density is 1.2 kg m”. Density of water = 
1000 kg m”. Таке g = 10 т 52. 


5. When a liquid contained in a tumbler is stirred and placed for some time, it comes to 
rest, Why? 


Daniel Bernoulli (1700-1782) 


Daniel Bernoulli, a Swiss Physicist and mathematician was born 
in a family of mathematicians on February 8, 1700. He made 
important contributions in hydrodynamics. His famous work, 
Hydrodyanamica was published in 1738. He also explained the 


behavior of gases with changing pressure and temperature, which 
led to the development of kinetic theory of gases. 


He is known as the founder of mathematical physics. Bernoulli’s principle is used to 
produce vacuum in chemical laboratories by connecting a vessel to a tube through 
which water is running rapidly. 


9.10 Bernoulli’s Principle 


Have you ever thought how air circulates in a dog’s burrow, smoke comes quickly out ofa 
chimney or why car’s convertible top bulges upward at high speed? You must have definitely 
experienced the bulging upwards of your umbrella on a stormy- rainy day. All these can be 
understood on the basis of Bernoulli’s principle. 


Bernoulli’s Principle states that where the velocity of a fluid is high, the pressure is 
low and where the velocity of the fluid is low, pressure is high. 


9.10.1 Energy of a Flowing Fluid 


Flowing fluids possess three types of energy. We are familiar with the kinetic and potential 
energies. The third type of energy possessed by the fluid is pressure energy. It is due to the 
pressure of the fluid. The pressure energy can be taken as the product of pressure difference 
and its volume. If an element of liquid of mass m, and density d is moving under a pressure 
difference p, then 

Pressure energy =p x (m/d) joule 


Pressure energy per unit mass = (p/d) J kg" 


9.10.2 Bernoulli's Equation 
Bernoulli developed an equation that expresses this principle quantitatively. Three important 
assumptions were made to develop this equation: 


1.Тһе fluid is incompressible, i.e. its density does not change when it passes from a wide 
bore tube to a narrow bore tube. 


2.The fluid is non-viscous or the effect of viscosity is not to be taken into account. 


3.The motion of the fluid is streamlined. 


Fig. 9.30 


We consider a tube of varying cross section shown in the Fig. 9.30. Suppose at point A the 
Pressure is P , area of cross section A,, velocity of flow о, height above the ground ma 
at B, the pressure is Р, ,area of cross-section A, velocity of flow = v,, and height above 
the ground ћ,. 


———Á————À—— —W. 
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Since points А and B can be any two points along a tube of flow, we write Bernoulli's 
equation 

P + 1/2 dv + h dg = Constant. 

That is, the sum of pressure energy, kinetic energy and potential energy of a fluid remains 
constant in streamline motion. 


1. Take a sheet of paper in your hand. 


2. Press down lightly on horizontal part of the paper as shown 
in Fig. 9.31 so that the paper curves down. і 


3. Blow оп ће paper along the horizontal line. 


Watch the paper. It lifts up because speed increases and pressure 
on the upper side of the paper decreases. 


9.10.3 Applications of Bernoulli’s Theorem 


Bernoulli’s theorem finds many applications in our lives. Some commonly observed 
phenomena can also be explained on the basis of Bernoulli’s theorem. 


A. Flow meter or Venturimeter 


It is a device used to measure the rate of flow of liquids through pipes. The device is 
inserted in the flow pipe, as shown in the Fig. 9.32 


Bis Venturimeter dm 


Fig. 9.32: A Venturimeter 


It consists of a manometer, whose two limbs are connected to a tube having two different 
cross-sectional areas say A, and A, at A and B, respectively. Suppose the main pipe is 
horizontal at a height / above the ground. Then applying Bernoulli’s theorem for the steady 
flow of liquid through the venturimeter at A and B, we can write 


Total Energy at A = Total Energy At B 


1 т 1 
2d * mgh + TTA - ze + mgh + 


On rearranging terms we can write, 


DI; 
d 


d 2d н 
(i70 7 $ à (8) zl 919) 
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It shows that points of higher velocities are the points of lower pressure (because of the Mechanics of Solids 
sum of pressure energy and К.Е. remain constant). This is called Venturi 5 Principle. and Fluids 


For steady flow through the ventrurimeter, volume of liquid entering per second at A = 
liquid volume leaving per second at B. Therefore 


AD АШ, (9.20) 
(The liquid is assumed incompressible i.e., velocity is more at narrow ends and vice versa. 


Using this result in Eqn. (9.19), we conclude that pressure is lesser at the narrow ends; 


Zl 
Pil Pigs ЕА 


РЯ 
Pii [В 4 


(9.21) 


If h denotes level difference between the two limbs of the venturimeter, then 


PiP “hdg 


ра v, = J2hg/[(Ai / A2) -1] 


From this we note that v, cc Jh since all other parameters are constant for a given 
venturimeter. Thus 


p, ce Vhs 
where K is constant. 
The volume of liquid flowing per second is given by 
V =A, у =A, х K/h 
or V=Kh 
Where K' = K A, is another constant. 


Bernaulli’s principle has many applications in the design of many useful appliances like 
atomizer, spray gun, Bunsen burner, carburetor, Aerofoil, etc. 


(i) Atomizer : An atomizer is shown in Fig. 9.33. When the rubber bulb A is squeezed, air 
blows through the tube B and comes out of the narrow orifice with larger velocity creating 
region of low pressure in its neighborhood. The liquid (scent or paint) from the vessel is, 
therefore, sucked into the tube to come out to the nozzles N. As the liquid reaches the 
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nozzle, the air stream from the tube B blows it into a fine spray. 


(ii) Spray gun : When the piston is moved in, it blows the air out of the narrow hole ‘O’ 
with large velocity creating a region of low pressure in its neighborhood. The liquid (e.g. 
insecticide) is sucked through the narrow tube attached to the vessel end having its opening 
just below ‘O’. The liquid on reaching the end gets sprayed by out blown air from the 
piston (Fig. 9.34). 


(iii) Bunsen Burner : When the gas emerges out of the 
nozzle N, its velocity being high the pressure becomes low in 
its vicinity. The air, therefore, rushed in through the side hole 
А and gets mixed with the gas. The mixture then burns at the 
mouth when ignited, to give a hot blue flame (Fig.9.35). 


(iv) Carburetor : The carburetor shown in Fig. 9.36. is a Fig. 9.33 : Atomizer 
device used in motor cars for supplying a proper mixture of 
air and petrol vapours to the cylinder of the engine. The 
energy is supplied by the explosion of this mixture inside the 
cylinders of the engine. Petrol is contained in the float 
chamber. There is a decrease in the pressure on the side A 
due to motion of the piston.This causes the air from outside 
to be sucked in with large velocity. This causes a low pressure 
near the nozzle B (due to constriction, velocity of air sucked 
is more near B) and, therefore, petrol comes out ofthe nozzle 
B which gets mixed with the incoming. Air. The mixture of 
vaporized petrol and air forming the fuel then enters the 
cylinder through the tube A. 


Fig. 9.34 : Spray gun 


Flame 


Mixture of 
gas and eir 


Air 


Fig. 9.35 : Bunsen Burner 


Fig. 9.36 : Carburettor 


(Sometimes when the nozzle B gets choked due to deposition of carbon or some impurities. 
it checks the flow of petrol and the engine not getting fuel stops working. The nozzle has 
therefore, to be opened and cleaned. 


(v) Aerofoil : When a solid moves in air, streamlines are formed . The shape of the body 
ofthe aeroplane is designed specially as shown in the Fig. 9.37. When the aeroplane runs 
on its runway, high velocity streamlines of air are formed. Due to crowding of more 
streamlines on the upper side, it becomes a region of more velocity and hence 9 
comparatively low pressure region than below it. This pressure difference gives the lift to 
the aeroplane. 


(©) Water va. 


Low velocity region 


(high pressure region) 


Fig. 9.37 : Crowding of streamlines on the upper side. 


Based on this very principle i.e., the regions of high velocities due to crowding of steam 
lines are the regions of low pressure, following are interesting demonstrations. 


(a) Attracted disc paradox : When air is blown through a narrow tube handle into the 
space between two cardboard sheets [Fig. 9.38] placed one above the other and the upper 
disc is lifted with the handle, the lower disc is attracted to stick to the upper disc and is 


lifted with it. This is called attracted disc paradox, 


dT — Tube handle attached 


with the upper disc 


Low pressure in 
between the 
card-board discs 


Fig. 9.38 : Attracted disc paradox 


(b) Dancing of a ping pong ball on a jet of water: 


lfa light hollow spherical ball (ping-pong ball or table tennis 
all) is gently put on a vertical stream of water coming out of 
a Vertically upward directed jet end of a tube, it keeps on 
dancing this way and that way without falling to the ground 
(818.939). When the ball shifts to the lefts , then most of the 
Jet streams pass by its right side thereby creating a region of 
high Velocity and hence low pressure on its right side in 
comparison to that on the left side and the ball is again pushed 
ack to-the center of the jet stream . 


940 cuum pump or aspirator or filter pump : Fig. 
“0 Shows a filter pump used for producing moderately low 


Pressures, Water from the tap is allowed to come out of the 


igh 
Sucked 
Water and 
Vessel is 


SITOW jet end of the tube A . Due to small aperture of the nozzle, the velocity becomes 
and hence a low-pressure region is created around the nozzle N. Air is, therefore, 
from the vessel to be evacuated through the tube B; gets mixed with the steam of 
goes out through the outlet. After a few minutes., the pressure of air in the 
decreased to about 1 cm of mercury by such a pump 
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Jet end 


Fig. 9.39 : Dancing Pring 
Pongball 
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Mechanics of Solids Ẹ (d) Swing of a cricket ball: 
and Fluids 


When a cricketer throws a spinning ball, it moves along a curved 
path in the air. This is called swing of the ball. It is clear from 
Fig. 9.41. That when a ball is moved forward, the air occupies 
the space left by the ball with a velocity v (say). When the ball 
spins, the layer of air around it also moves with the ball, say 
with the velocity ‘w’. So the resultant velocity of air above the 
ball becomes (v — и) and below the ball becomes (v + u). 
Hence, the pressure difference above and below the ball moves Fig. 9.40 : Filter Pump 
the ball in a curved path. 


dU EUER р Ne UU... Curved path 
Y: of the ball 


Fig. 9.41 : Swing of a cricket ball 


[Example 9.3: Water flows out of a small hole in the 
wall of a large tank near its bottom (Fig. 942). What is 
the speed of efflux of water when the height of water 
level in the tank is 2.5m? 


Solution: Let B be the hole near the bottom. Imagine a 
tube of flow A to B for the water to flow from the surface 
point A to the hole B. We can apply the Bernoulli’s 


theorem to the points A and B for the streamline flow of Fig. 9.42 
small mass m . 


Total energy at B — Total energy at A 
АТА, U,= 0, p= p = atmospheric pressure, h= height above the ground. 
At B, v= v= ?, рь p, h,= height of the hole above the ground, 


Let h,—h,= Н = height of the water level in the vessel = 2.5m 
and d = density of the water. 


Applying the Bernoulli’s Principle and substituting the values we get, 
m vj = mg (h,— hy) 


or Cn V2g(h, -h,) 
= J2x9.8x2.5 


7ms! p 


Ш 
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Intext Questions 9.5 


1. The windstorm often blows off the tin roof of the houses, How does Bernoulli's 
equation explain the phenomenon? 


2. When you press the mouth of a water pipe used for watering the plants, water goes 
to a longer distance, why? 


3  Whatarethe conditions necessary for the application of Bernoulli’s theorem to solve 
the problems of flowing liquid? 


4. Water flows along a horizontal pipe having non-uniform cross section. The pressure is 
20 mm of mercury where the velocity is 0.20m/s. find the pressure at a point where the 
velocity is 1.50 m/s? 


Em 

CIO) 

WA What You Have Learnt 

* Hydrostatic pressure Р at a depth h below the free surface of a liquid of density is 
given by 

P = hdg 

* The upward force acting on an object submerged in a fluid is known as buoyant 
force. 

• 


According to Pascal’s law, when pressure is applied to any part of an enclosed liquid, 
it is transmitted undiminished to every point of the liquid as well as to the walls of the 
container. 


The liquid molecules in the liquid surface have potential energy called surface energy. 


The surface tension of a liquid may be defined as force per unit length acting on a 
imaginary line drawn in the surface. It is measured in Nm". 


Surface tension of any liquid is the property by virtue of which a liquid surface acts 
like a stretched membrane. 


Angle of contact is defined as the angle between the tangent to the liquid surface and 
the wall of the container at the point of contact as measured from within the liquid. 


The liquid surface in a capillary tube is either concave or convex. This curvature is 
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due to surface tension. The rise in capillary is given by " 


2T cos 0 


та rdg 


€ The excess pressure P on the concave side of the liquid surface is given by 


2P 
P= R’ where T'is surface tension of the liquid 


2T 
P= RO for air bubble in the liquid and 


P- I where T” is surface tension of soap solution, for soap bubble in air 


e Detergents are considered better cleaner of clothes because they reduce the surface 
tension of water-oil. 


© The property of a fluid by virtue of which it opposes the relative motion between its 
adjacent layers is known as viscosity. 


е Theflowofliquid becomes turbulent when the velocity is greater than a certain value 


called critical velocity (и) which depends upon the nature of the liquid and the diameter: 
of the tube i.e. (7.Р and а). : 


* Coefficient of viscosity of any liquid may be defined as the magnitude of tangential 
backward viscus force acting between two successive layers of unit area in contact 
with each other moving in a region of unit velocity gradient. 


* Stokes’ law states that tangential backward viscous force acting on a spherical mass 
of radius r falling with velocity ‘v’ in a liquid of coefficient of viscosity т is given by 

Е -6nnrv. 
* Bernoulli's theorem states that the total energy of an element of mass (m) of an 


incompressible liquid moving steadily remains constant throughout the motion. 


Mathematically, Bernoullis's equation as applied to any two points A and B of tube of 
flow 


1 те, | 
д v "WES d 73^» +mgh, + m 


1. Derive an expression for hyhostatic pressure due to a liquid column. 


2. State pascal’s law. Explain the working of hydraulic press. 


Properties of Fluids | MODULE -2 
3. Define surface tension. Find its dimensional formula. Mechanics of Solids 
and Fluids 


4. Describe an experiment to show that liquid surfaces behave like a stretched membrane. 


5. The hydrostatic pressure due to a liquid filled in a vessel at a depth 0.9 m is 3.0 N m?. 
What will be the hydrostatic pressure at a hole in the side wall of the same vessel at a 
depth of 0.8 т. 


6. Ina hydraulic lift, how much weight is needed to lift a heavy stone of mass 1000 kg? 
Given the ratio of the areas of cross section of the two pistons is 5. Is the work output 
greater than the work input? Explain. 


7. A liquid filled in a capillary tube has convex meniscus. If F, is force of adhesion, 
Е, is force of cohesion and Ө = angle of contact, which of the following relations 
should hold good? i 
(a) F, > F, sin0; (b) F, < F, sin0; (c) F, соѕ = Е; (d) F, sin0 > F, 


8. 1000 drops of water of same radius coalesce to form a larger drop. What happens to 
the temperature of the water drop? Why? 

9. What is capillary action? What are the factors on which the rise or fall ofa liquid in a 
capillary tube depends? , 

10. Calculate the approximate rise òf a liquid of density 10° kg m^ in a capillary tube of 
length 0.05 т and radius 0.2 х 10? m. Given surface tension of the liquid for the 
material of that capillary is 7.27 x 10? N п". j 

11. Why is it difficult to blow water bubbles in air while it is easier to blow soap bubble in. 
air? 

12. Why the detergents have replaced soaps to clean oily clothes. 

13. Two identical spherical balloons have been inflated with air to different sizes and 
connected with the help of a thin pipe. What do you expect out of the following 
Observations? ; | 
(i) The air from smaller balloon will rush into the bigger balloon till whole of its air 
flows into the later. д 
(ii) The air from the bigger balloon will rush into the smaller balloon till the sizes of the 
two become equal. 

What will be your answer if the balloons are replaced by two soap bubbles of different 
sizes, 


14. Which process involves more pressure to blow a air bubble of radius 3 cm inside a 
soap solution or a soap bubble in air? Why? 

15. Differentiate between laminar flow and turbulent flow and hence define critical velocity. 

16. Define viscosity and coefficient of viscosity. Derive the units and dimensional formula 
of coefficient of viscosity. Which is more viscous : water or glycerine? Why? 

17. What is Reynold’s number? What is its significance? Define critical velocity on the 
basis of Reynold’s number. 

18. State Bernoulli’s principle. Explain its application in the design of the body of an 
aeroplane. 


— тЫ 
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(i) A spinning tennis ball curves during the flight? 


(ii) A ping pong ball keeps on dancing on a jet of water without falling on to either 
side? 

(iii) The velocity of flow increases when the aperture of water pipe is decreased by 
squeezing its opening. 

(iv) A small spherical ball falling in a viscous fluid attains a constant velocity after 
some time. 

(v) If mercury is poured on a flat glass plate; it breaks up into small spherical droplets. 


20. Calculate the terminal velocity of an air bubble with 0.8 mm in diameter which rises 
ina liquid of viscosity of 0.15 kg m” s' and density 0.9 р m?. What will be the terminal 
velocity of the same bubble while rising in water? For water ņ = 1072 kg тг! s". 


21. Apipe line 0.2 m in diameter, flowing full of water has a constriction of diameter 0.1 
m. If the velocity in the 0.2 m pipe-line is 2 m s^'. Calculate 
(i) the velocity in the constriction, and 
(ii) the discharge rate in cubic meters per second. 


22. (i) With what velocity ina steel ball 1 mm is radius falling in a tank of glycerine atan 
instant when its acceleration is one-half that of a freely falling body? 
(ii) What is the terminal velocity of the ball? The density of steel and of glycerine are 
8.5 gm cm? and 1.32 g cm? respectively; viscosity of glycerine is 8.3 Poise. 


23. Water at 20°C flows with a speed of 50 cm s^! through a pipe of diameter of 3 mm. 
(i) What is Reynold’s number? 
(ii) What is the nature of flow? 
Given, viscosity of water at 20°C as = 1.005 х 107 Poise; and 
Density of water at 20°C as = 1 g cm”, 


24. Modern aeroplane design calls for a lift of about 1000 N m2 of wing area. Assume 
that air flows past the wing of an aircraft with streamline flow. If the velocity of flow 
past the lower wing surface is 100 ms~', what is the required velocity over the upper 
surface to give a desired lift of 1000 N m? The density of air is 1.3 kg m^. 


25. Water flows horizontally through a pipe of varying cross-section. If the pressure of 
water equals 5 cm of mercury at a point where the velocity of flow is 28 cm s“, then 
what is the pressure at another point, where the velocity of flow is 70 ст s"? [Tube 
density of water 1 р cm]. 


| Answers to Intext Questions 


1. Because then the weight of the person applies on a larger area hence pressure ОП 
snow decreases. 
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P=1.5 x.10’ Pa and Fluids 


25 
3. Pressure applied by the weight of the boy — 0.05 5 = 500 N т. 


5000 
Pressure due to the weight of the elephant = ENG 500 N тг, 


2. The boy can balance the elephant. 
4. Because ofthe larger area of the rod, pressure on the skin is small. 


q Lo ЙИН 
Bi 10^ "5 gwi 


9.2 


1. Force of attraction between molecules of same substance is called force of cohesion 
and the force of attractive between molecules of different substance is called force of 
adhesion. 


2. Surface tension leads to the minimum surface area and for a given volume, sphere has 
minimum surface area. 


3. No, they have tightly bound molecules. 
4. Due to surface tension forces. 


5. For air bubble in water 


= = = 27Nm 
r 2x10? : S 
For soap bubble in air 
4T' х 
Peti 4x25 ШИИНИН 
r 4x10 
9.3 
1. No, 
2. 


» Yes, the liquid will rise. 


* Mercury has a convex meniscus and the angle of contact is obtuse. The fall in the 
level of mercury in capillary makes it difficult to enter. 


4,2 21 2х72х10° 


hpg © 3x1000x10 
74,8 x 10m. 


Due to capillary action. 


— Hm 
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1. Ifevery particle passing through a given point of path follows the same line of flowas 
that of preceding particle the flow is stream lined, if its zig-zag, the flow is turbulent, 


2. No, otherwise the same flow will have two directions. 


3. Critical velocity depends upon the viscous nature of the liquid, the diameter of the tube 
and density of the liquid. 


4. .012 mst 
Due to viscous force. 


9:5 


1. High velocity of air creates low pressure on the upper part. 
2. Decreasing in the area creates large pressure. 


The fluid should be incompressible and non-viscous on (very less). The motion should 
be steamlined. 


4. (P,-P midis 22 
. (B, 2) 2 (0; и) 


5. So thatthe stream lines with the two surfaces are different. More swing in the ball will 
be obtained. i 


Answers to the Terminal Exercises 
5. 2.67 N тг, 

6. 200N, No. 

20. 2.1 mm s^, 35 cm s^. 

21.8ms', 6.3 x 10? m s^. 

22. 7.8 mm s”, 0.19 ms". 

23. 1500, Unsteady. 


24. 2 cm of mercury. 


SENIOR SECONDARY COURSE 
Puysics 
STUDENT'S ASSIGNMENT — 2 


SS Se 


1 

Maximum Marks: 50 Time : 15 Hours 
INSTRUCTIONS 
€ Answer All the questions on a seperate sheet of paper 
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about your performance. 

Do not send your assignment to NIOS 

l. Stress-straits graph for two samples of rubber are shown in the figures given below. Which of the two 

will serve as better shock absorber? (1) 

Stress Stress 
1 E Strain Strain 
(a) (b) 

2. Two wires A and B having equal lengths and made of the same metal are subjected to equal loads. If 

extension in A is twice the extension in B what is the ratio of the radii of A and B. (1) 
3. Why are the walls of a dam made thicker at the base? iis а) 
^. A balloon filled with helium gas does not rise in air indefinitely but halts after a certain height. | 

Why? a) 
5. How does the viscosity of a gas change with increase in temperature of the gas! п) 
6. а) 


Which is more elastic iron or rubber? 


Ves ослан 


7. Is Surface tension dependent on the area of the surface? (1) 
For what values of Raynold number is the flow of a fluid stream-lined. (1) 


9. When solid rubber ball is taken from the surface to bottom of a lake the reduction in its volume is 0.001294, | 
The depth of the lake is 0.360 km, density of water is /g стг and acceleration due to gravity is 10 N kg 


1, Calculate bulk modulus of rubber. [Ans : 3 x 10"N m?] Q) 
10. Show the variation of stress with strain when a metallic wire of uniform cross.section is subjected to an 
increasing load. Q) 
11. Explain why the detergents should have small angle of contact. (2) 


12. A 40 kg girl, wearing high heel shoes, balances on a single heel which is circular and has a diameter 
10 mm. What is the pressure exerted by the heel on the floor? (2) 


13. (i) Why does a spinning cricket ball in air not follow a parabolic trajectory? 
(ii) Discuss the magnus effect. (2*2) 
14. State Bernoulli's principle. 


A fully loaded aircraft has a mass 330 tonnes and total wing area 500 2. It is in level flight with a speed 
of 960 km h''. Estimate the pressure difference between the lower and upper surfaces of the wings. Also 
estimate the fractional increase in the speed of the air on the upper surface of the wing relative to the 
lower surface. The density of air is 1.2 kg m>. 


nea les io Na WAP 
A V, ру? 
int/ 
Hii, y. 2AP 4 
P(V, € V.) 
15. A smooth spherical body of density(p) and radius(r), falling freely in a highly viscous liquid of density c 
and coefficient of viscosity(n) with a velocity (v), state the law for the magnitude of the tangential 


backward viscous force (F) acting on the body. Obtain the expression for the constant velocity acquired 
by the spherical body in the liquid. 4 


16. Increasing surface area costs energy. Discuss the behaviour of molecules in a liquid and hence explain 
surface energy. (4) 


17. A soap bubble has two surfaces of equal surface area i.e. the outer and the inner but pressure inside is 


different from the pressure outside. Obtain the expression for the difference in pressure inside a soap 
bubble floating in air. 


18. State equation of continuity and prove it. (4) 


19. What is the function of a flow meter? Obtain the expression for the volume of liquid flowing per second 
through a venturimeter. 5 


20. State three assumptions required to develop Bernoulli’s equation. Show that pressure energy, kinetic energy, 
and potential energy per unit Volume of a fluid remains constant in a stream line motion. 5 
or 


Ifa capillary tube is dipped in water what do you observe? What do you call this phenomenon? Obtain the 
expression for this phenomenon relating the symbols T, r, Л, Ө, f and g where symbols have their usual 
meaning. Also discuss what would happen if the thin tube-of uniform bore immersed in water is of 
insufficient length. 
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KINETIC THEORY OF GASES 


A: you have studied in the previous lessons, at standard temperature and pressure, 
matter exists in three states — solid, liquid and gas. These are composed of atoms/molecules 
which are held together by intermolecular forces. At room temperature, these atoms/ 
molecules have finite thermal energy. If thermal energy increases, molecules begin to 
move more freely. This state of matter is said to be the gaseous state. In this state, 
intermolecular forces are very weak and very small compared to their kinetic energy. 


Under different conditions of temperature, pressure and volume, gases exhibit different 
properties. For example, when the temperature of a gas is increased at constant volume, 
its pressure increases. In this lesson you will learn the kinetic theory of gases which is 
based on certain simplifying assumptions. You will also learn the kinetic interpretation of 
temperature and its relationship with the kinetic energy of the molecules. Why the gases 
have two types of heat capacities will also be explained in this lesson. 


Domon 


After studying this lesson, you should be able to : 
® state the assumptions of kinetic theory of gases; 


" : ei 
derive the expression for pressure P = 3 pe; 
* explain how rms velocity and average velocity are related to temperature; 


® derive gas laws on the basis of kinetic theory of gases; 


* give kinetic interpretation of temperature and compute the mean kinetic energy 
of a gas; 


explain the law of equipartition of energy; 
explain why a gas has two heat capacities; and 


derive the relation [dr RA. 
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You now know that matter is composed of very large number of atoms and molecules, 
Each of these molecules shows the characteristic properties of the substance of which it 
is a part. Kinetic theory of gases attempts to relate the macroscopic or bulk properties 
such as pressure, volume and temperature of an ideal gas with its microscopic properties 
such as speed and mass ofits individual molecules. The kinetic theory is based on certain 
assumptions. (A gas whose molecules can be treated as point masses and there is no 
intermolecular force between them is said to be ideal.) A gas at room temperature and 
atmospheric pressure (low pressure) behaves like an ideal gas. 


10.1.1 Assumptions of Kinetic Theory of Gases 


Clark Maxwell in 1860 showed that the observed properties of a gas can be explained on 
the basis of certain assumptions about the nature of molecules, their motion and interaction 
between them. These resulted in considerable simplification. We now state these. 


(i) А gas consists ofa very large number of identical ri gid molecules, which move with 
all possible velocities randomly. The intermolecular forces between them are negligible. 


(ii) Gas molecules collide with each other and with the walls of the container. These 
collisions are perfectly elastic. 


(iii) Size of the molecules is negligible compared to the separation between them. 
(iv) Between collisions, molecules move in straight lines with uniform velocities. 


(v) Time taken in a collision is negligible as compared to the time taken by a molecule 
between two successive collisions. 


(vi) Distribution of molecules is uniform throughout the container, 


To derive an expression for the pressure exerted by a gas on the walls of the container, We 
consider the motion of only one molecule because all molecules are identical 
(Assumption i). Moreover, since a molecule moving in space will have velocity components 
along x, y and z-directions, in view of assumption (vi)it is enough for us to consider the 
motion only along one dimension, Say x-axis.(Fig. 10.1). Note that if there were 
N (= 6 x10% molecules m>), instead of considering 3N paths, the assumptions have reduced 
the roblem to only one molecule in one dimension. Let us consider a molecule having 
velocity C in the face LMNO. Its x, y and z components are u, v and w, respectively. Ifthe 
mass of the molecule is m and it is moving with a speed и along x-axis, its momentum wil 

be mu towards the wall and normal to it. On striking the wall, this molecule will rebound in 
the opposite direction with the same speed и, since the collision has been assumed to 0 
perfectly elastic (Assumption ii). The momentum of the molecule after it rebounds is C 
mu). Hence, the change in momentum of a molecule is 


mu — (-mu) =2ти 


If the molecule travels from face LMNO to the face ABCD with speed u along x-axis 
and rebounds back without striking any other molecule on the way, it covers a distance 


in time 2//и. That is, the time interval between two successive collisions of the molecules with 
the wall is 2//u. 


ШШ e 


the impressed force. Therefore 


Rate of change of 
g Change in momentum 


momentum at ABCD = 


Time 
euo ти? 
Tm 


This is the rate of change of momentum of опе z 
molecule. Since there are N molecules of the gas, ће Fig. 10.1: Motionofa molecule 
total rate of change of momentum or the total force ina container 
exerted on the wall ABCD due to the impact of all the 

N molecules moving along x-axis with speeds, u,, И, ..., My is given by 


m 
Force on ABCD = 7 (u? +u? +u? t..tuy ) 
We know that pressure is force per unit area. Therefore, the pressure P exerted on the 
wall ABCD of areas /? by the molecules moving along x-axis is given by 


m 
as ulcus) 
Вы pas page AOS 
m 
gr ulcus (10.1) 


If u? represents the mean value of the squares of all the speed components along x-axis, 
we can write 


2 2 
— up tua +ú; +.. tuy 


и? = 202-30 
N 


n 2 
or Nw =u? +u? +u +..+иҗ 


Substituting this result in Eqn. (10.1), we get 


Nmu? : 
2 = (10.2) 
It сап be shown by geometry that 
e@=a"r+vtw 
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since u, v and w are components of c along the three orthogonal axes. This relation also 
holds for the mean square values, i.e. 


с = и? +12 + у? 


D 


Since thé malecular distribution has been assumed to be isotropic, there is no preferential 
motion along any one edge of the cube. This means that the mean value of zz, 17, и? are 
equal : 


so that и: = 


Mc? (10.3) 


Note that the left hand side has macroscopic properties і.е. pressure and volume and the 


right hand side has only microscopic properties i.e. mass and mean square speed of the 
molecules. 


Eqn (10.3) can be re-written as 


PEN 
Mastin 


wil 


mN . с 
Ifp= ү БВ the density of the gas, we can write 


1 
P--pQ 
gs 
Зр. 
ог 2 = em (104) 


If we denote the ratio W/V by number density л, Eqn. (10.3) can also be expressed as 
Р =—mnc (10.32) 
The following points about the above derivation should be noted: 


(i) From Eqn. (10.4) it is clear that the shape of the container does not play any 


role in kinetic theory; only volume is of significance. Instead of a cube we 
could have taken any other container. A cube only simplifies our calculations. 


(ii) We ignored the intermolecular collisions but these would not have affected the 
result, because, the average momentum of the molecules on striking the walls is 
unchanged by their collision; same is the cose when they collide with each 
other. 


(iii) The mean square speed c? is not the same as the square of the mean speed. 
This is illustrated by the following example. 


Suppose we have five molecules and their speeds are 1, 2, 3, 4, 5 units, respectively. Then 


their mean speed is 


1+2+3+4+5 Я 
Б 5306 
5 
Its square is 9 (nine). 
On the other hand, the mean square speed is 
1? +2743? 44? +54 И 55 5 
5 5 


Thus we see that mean square speed is not the same as square of mean speed. 


[харе 10.1 : Calculate ihe pressure exerted by 10” molecules of oxygen, each of 
mass 5 х 10?5kg, in a hollow cube of side 10 cm where the average translational speed of 
molecule is 500 m s:'. 


Solution : Change in momentum 2m и = 2 х (5 x 107° kg) x (500 ms 1) 

= 5 х 1072 kg ms". 
Time taken to make successive impacts on the same face is equal to the time spent in 
travelling a distance of 2 x 10 cm or 2 x 10" m. Hence 


2 х102т da qj 
Time = 50067 — ^ 


5x10? kg ms” Й 
Rate of change of momentum = — 4.194, = 1.25 x 10'9N 


The force on the side due to one third molecules 


and f= ; x 1.25 x 107? x 102 416.7 N 


Force 417N 
Area- . 100x10^m* 


=4.2 x 104N m? » 


Pressure = 
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Intext Questions 10.1 


l. (i) A gas fills a container of any size but a liquid does not. Why? 
(ii) Solids have more ordered structure than gases. Why? 


ORB 


2. What is an ideal gas? 


3. How is pressure related to density of molecules? 


10:2: Kinetic Interpretation of Temperature 


From Eqn. (10.3) we recall that 


Also, for п moles of a gas, the equation of state is PV = л RT, where gas constant Ris 
equal to 8.3 J mol! K=. On combining this result with the expression for pressure, we get 


1 
nRT = 3 mNe 


1 E | 
2 п 2 ica «bf 


where ЖЕГЕ N, is Avogadro’s number. It denotes the number of atoms or molecules in 


one mole of a substance. Its value is 6.023x 1023 per gram mole. In terms of N,, We €? 


write 


3|.R. ll 
ZR AC Apidae E 


But = m c? is the mean kinetic energy of a molecule. Therefore, we can write 


2 


ifj 
We. 3 3 ү 
и [сз сє... E 
"© э h-ia (103 
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where 


k= N, (10.6) 


is Boltzmamn constant. The value of k is 1.38 x 107? J K^. 


In terms of k, the mean kinetic energy of a molecule of the gas is given as 
3 
т с? =7Ккт (10.7) 


3 
Hence, kinetic energy of a gram mole of a gas is 2 RT 
This relationship tells us that the kinetic energy of a molecule depends only on the absolute 
temperature T of the gas and it is quite independent of its mass. This fact is known as the 
kinetic interpretation of temperature. 


Clearly, at T = 0, the gas has no kinetic energy. In other words, all molecular motion _ 
ceases to exist at absolute zero and the molecules behave as if they are frozen in space. 
According to modsenscogaepte the energy of the system of electrons is not zero even at 
the absolute zero. The energy at absolute zero is known as zero point energy. 


From Eqn.(10.5), we can write the expression for the square root of c? , called root mean 
square speed : 


— 3kT 3RT 
c = fas = p EE 
Moe m M 


This expression shows that at any temperature T, the c, , is inversely proportional to the 
Square root of molar mass. It means that lighter molecule, on an average, move faster than 


heavier molecules. For example, the molar mass of oxygen is 16 times the molar mass of | 
hydrogen. So according to kinetic theory, the hydrogen molecules should move 4 times 
faster then oxygen molecules. It is for this reason that lighter gases are in the above part 
of our atmosphere. This observed fact provided an early important evidence for the validity | 
of kinetic theory. 


(0) Boyle's Law 


_ We know that the pressure P exerted by a gas is given by Eqn. (11.3): 


1 
PV = MeO 
3 


When the temperature of a given mass of the gas is constant, the mean square speed is 
constant. Thus, both M and c? on the right hand side of Eqn. (10.3) are constant. Thus, р 
We can write 


A es 
x 


P V = Constant (109) 


This is Boyle’s law, which states that at constant temperature, the pressure of a given 
mass of a gas is inversely proportional to the volume of the gas. 


(ii) Charle's Law 
From Eqn. (10.3) we know that 


or У = 
i.e, V с c?, if Mand P do not vary or M and P are constant. But c? < T 


У oT (10.9) 


This is Charle's law : The volume of a given mass of a gas at constant pressure ls 
directly proportional to temperature. 


Robert Boyle 
(1627 — 1691) 


British experimentalist Robert Boyle is famous for his law relating 
the pressure and volume of a gas (PV = constant). Using à 
vacuum pump designed by Robert Hook, he demonstrated that 
sound does not travel in vacuum. He proved that air was required: 
for burning and studied the elastic properties of air. 


A founding fellow of Royal Society of London, Robert Boyle remained a bachalor 
throughout his life to pursue his scientific interests. Crater Boyle on the moon 1$ 
named in his honour. 


(iii) Gay Lussac’s Law — According to kinetic theory of gases, for an ideal gas 


iwi 
эу 
For a given mass (M constant) and at constant volume (V constant), 
Po с? 
But с=т 
РТ (10:11) 


which is Gay Lussac’s law. It states that the pressure of a given mass of а gas i 
directly proportional to its absolute temperature T, if its volume remaing cons 


(iv) Avogadro’s Law 


Let us consider two different gases 1 and 2. Then from Eqn. (10.3), we recall that — 


1 P 
P, У, = 3m N, : 
1 c 
and | A эһ с; 
If their pressure and volume аге ће same, we can write 
РУ, F РУ, 
H E MTS 
ence 3" No = 3m, c 


1 12 
Rx ties e 
2^ q = т сі 
Using this result in ће above expression, we get N, =No (10.12) 


That is, equal volume of ideal gases under the same conditions of temperature and 
pressure contain equal number of molecules. This statement is Avogadro’s Law. 


(v) Dalton’s Law of Partial Pressure 
Suppose we have a number of gases or vapours, which do not react chemically. Let their 


densities be р,, р„ p, ... and mean square speeds c , C, с}... respectively. We put these 
gases in the same enclosure. They all will have the same volume. Then the resultant 
pressure P will be given by 


i 17: 25M 
Р ера За AUS 


eee 11 1 
Неге 386 3 9,8. 355 ... signify individual (or partial) pressures of different 


gases ог vapours. If we denote these by P,, P,» P. respectively we get 
P =P, +P, +P, +... (10.13) 
In other words, the total pressure exerted by a gaseous mixture is the sum of the 


Partial pressures that would be exerted, if individual gases occupied the space in 
turn, This is Dalton’s law of partial pressures. 


(vi) Graham’s law of diffusion of gases 


Graham investigated the diffusion of gases through porous substances and found that йе 
rate of diffusion of a gas through a porous partition is inversely proportional to the 
Square root of its density. This is known as Graham's law of diffusion. 


On the basis of kinetic theory of gases, the rate of diffusion through a fine hole will be 
Proportional to the average or root mean square velocity c, From Eqn. (10.4) we recall that 
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or 


That is, the root mean square velocities of the molecules of two gases of densities р, ind 
р, respectively at a pressure P are given by i 


3P 3P 
(ау 25 P Bnd OED y P 


„Rate OF Чи рое йаз ешш) ир л a 
Rate of diffusion of other gas ~ (с), ^ Vp, (10.14) 


Thus, rate of diffusion of gases is inversely proportional to the square root of their densities 
at the same pressure, which is Graham’s law of diffusion. 


Thus, 


[Example 10.2 : Calculate is the root mean square speed of hydrogen molecules 4 t 
300 К. Take m(H,) as 3.347 x 10” kg and k = 1.38 x 10? Jmol! K^! E 


Solution : We know that 


— Bkr — B'q38 1071 K") G00 K) 
eee mom 3.347107 kg 


-]927ms' 


malntext-Ouestions 10.2 


1. Five gas molecules chosen at random are found to have speeds 500 ms“, 600 тй 
700 ms, 800 ms”, and 900 ms“. Calculate their RMS speed. i 


2. If equal volumes of two non-reactive gases are mixed, what would Бе the resuli 
pressure of the mixture? E 


j| 3. When we blow air in a balloon, its volume increases and the pressure inside 
‚ more than when air was not blown in. Does this situation contradict Boyle’s lav 


| | Example 10.3 : At what temperature will the root mean square velocity of hydro, 
double of its value at S.T.P., pressure being constant (STP — Standard temperat 
H pressure). 
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Solution : From Eqn. (10.8), we recall that 
COT 
Let the rms velocity at S.T.P. be cy. 


If T К is the required temperature, the velocity c = 2 c, as given in the problem 


ёо, T 
COE Uo LX 
Squaring both sides, we get 
d» 
4= E 
or T 7 4T, 
Since T, = 273K, we get 
T =4х273К = 1092K = 819°C P 


[Example 10.4 : Calculate the average kinetic energy of a gas at 300 К. Given К = 1.38 
x 10? JK". 


Solution : We know that 


Since k = 1.38 x 107? J К^! and T= 300 K, we get 


BE 
EA 
= 6. 


(1.38 x 10™J K”) (300 К) 


21 x 107! J ual 


10.4.1 The Law of Equipartition of Energy 


туя MORAN 
We now know that kinetic energy of a molecule of a gas is given by NDA - Fd A 


Since the motion of a molecule can be along x, у, and z directions equally probably, the 
average value of the components of velocity c (i.e., u, v and v) along the three directions 
Should be equal. That is to say, for a molecule all the three directions are equivalent : 


Wi WM. 
i 1 
and т psw? 
Since с? =ё+ D +w? 


MODULE - 3 


Thermal Physics 


с? = y2 + 02 + у? 


А 1 
Multiplying throughout by — m, where m is ће mass of a molecule, we have 


2 
d enn phe. Tues 
т =5m "=уту? 


But 2" и? = Е = total mean kinetic energy of a molecule along x-axis. Therefore, 


3 
E, = E, = Е,. But the total mean kinetic energy of a molecule is 2 k T. Hence, we get an 


important result : 
1 
Bis Es Bae kt 


Since three velocity components и, v and w correspond to the three degree of freedom of 
the molecule, we can conclude that total kinetic energy of a dynamical system is equally 


tot В ii 1 
divided among all its degrees of freedom and it is equal to 2 k T for each degree of 


freedom. This is the law of equipartition of energy and was deduced by Ludwing Boltzmann. 
Let us apply this law for different types of gases. 


So far we have been considering only translational motion. For a monoatomic molecule, 
we have only translational motion because they are not capable of rotation (although they 
can spin about any one ofthe three mutually perpendicular axes if it is like a finite sphere). 
Hence, for one molecule of a monoatomic gas, total encrgy 


3 
um .15 
E 2К1 (10.15) 


A diatomic molecule can be visualised as if two spheres are joined by a rigid rod. Such a 
molecule can rotate about any one of the three mutually perpendicular axes. However, the 
rotational inertia about an axis along the rigid rod is negligible compared to that about an 
axis perpendicular to the rod. It means that rotational energy consists of two terms such as 


TUNI 1 
21 € and 2! o. 


Now the special description of the centre of mass of a diatomic gas molecules will require 
three coordinates. Thus, for a diatomic gas molecule, both rotational and translational 
motion are present but it has 5 degrees of freedom. Hence 


1 1 
ee) 


5 
= 0.16) 
5кТ (1 


Ludwing Boltzmann 
(1844 — 1906) 


Born and brought up in Vienna (Austria), Boltzmann completed his 
doctorate under the supervision of Josef Stefan in 1866. He also 
worked with Bunsen, Kirchhoff and Helmholtz. A very emotional 
person, he tried to commit suicide twice in his life and succeeded in his second 
attempt. The cause. behind these attempts, people say, were his differences with 
Mach and Ostwald. 


He is famous for his contributions to kinetic theory of gases, statistical mechanics 
and thermodynamics. Crater Bolzmann on moon is named in his memory and honour. 


10.5 Heat Capacities of Gases 
We know that the temperature of a gas can be raised under different conditions of volume 
and pressure. For example, the volume or the pressure may be kept constant or both may 
be allowed to vary in some arbitrary manner. In each of these cases, the amount of 
thermal energy required to increase unit rise of temperature in unit mass is different. 
Hence, we say that a gas has two different heat capacities. 
If we supply an amount of heat AQ to a gas to raise its temperature through AT, the heat 
Capacity is defined as 

едо 
Heat capacity = AT 


The heat capacity of a body per unit mass of the body is termed as specific heat capacity 
of the substance and is usually denoted by c. Thus 


heat capacity 
m 


Specific heat capacity, c = (10.17) 


Eqns. (10.16) and (10.17) may be combined to get 


AQ 


CRT (10.18) 


Thus, specific heat capacity of a material is the heat required to raise the temperature 
of its unit mass by 1 °C (or 1 K). 


The SI unit of specific heat capacity is kilo calories per kilogram per kelvin (kcal kg"'K"'). 
It may also the expressed in joules per kg per K. For example the specific heat capacity of 
Water is 


1 kilo cal kg! К! =4.2 x 10° J kg' K”. 


The above definition of specific heat capacity holds good for solids and liquids but not for 
Bases, because it can vary with external conditions. In order to study the heat capacity of 
а Bas, we keep the pressure or the volume of a gas constant. Consequently, we define two 
Specific heat capacities : 
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G) Specific heat at constant volume, denoted as с. 
(ii) Specific heat at constant pressure, denoted as Cp: 


(a) The specific heat capacity of a gas at constant volume (c,) is defined as the 
amount of heat required to raise the temperature of unit mass of a gas through IK, 
when its volume is kept constant : 


(ат) 
€, = (АТ a (10.19) 


(Б) The specific heat capacity of a gas at constant pressure (c,) is defined as the 
amount of heat required to raise the temperature of unit mass of a gas through 1K 
when its pressure is kept constant. 


^ 
e, 7 (29), (10.20) 


When 1 mole of a gas is considered, we define molar heat capacity. 


We know that when pressure is kept constant, the volume of the gas increases. Hence in 
the second case note that the heat required to raise the temperature of unit mass through 
1 degree at constant pressure is used up in two parts : 


(i) heat required to do external work to produce a change in volume of the gas, and 
(ii) heat required to raise the temperature of the gas through one degree (c.). 


This means the specific heat capacity of a gas at constant pressure is greater than its 
specific heat capacity at constant volume by an amount which is thermal equivalent of the 
work done in expending the gas against external pressure. That is 


We, (10.21) 


Let us consider one mole of an ideal gas enclosed in a cylinder fitted with a frictionless 
movable piston (Fig. 10.2). Since the gas has been assumed to be ideal (perfect), there is 
no intermolecular force between its molecules. When such a gas expands, some work is 
done in overcoming internal pressure. 


Fig.10.2 : Gas heated at constant pressure 


Let P be the external pressure and A be the cross sectional area of the piston. The force 
acting on the piston — P x 4. Now suppose that the gas is heated at constant pressure by 
IK and as a result, the piston moves outward through a distance x, as shown in Fig. 102. 
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Let V, be the initial volume of the gas and V, be the volume after heating. Therefore, the 
work W done by the gas in pushing the piston through a distance x, against external pressure 
P is given by 


W -PxAxx 
— P x (Increase in volume) 
РОМ 2000) 


We know from Eqn. (10.22) that CoO Work done (W) against the external pressure in 
raising the temperature of 1 mol ofa gas through 1 К, i.e. 


e -6, =P (V, - V) (1022) 


Now applying perfect gas equation to these two stages of the gas i.e. before and after 
heating, we have 


PV, -RT (10.23) 
PV, =R(T+1) — 
Substracting Eqn. (10.23) from Eqn.(10.24), we get 
P(V,- V) -R (1025) 
Hence from Eqns. (10.19) and (10.22) we get 
к" (1026) 


where R is in J mol"! K^! 


Converting joules into calories, we can write 
А 


(10.27) 


v 


R 
ome J 


| where J = 4.18 cal is the mechanical equivalent of heat. ё 


Гуе 10.5 : Calculate the value of с апас, fora monoatomic, diatomic and triatomic 
gas molecules. 


Solution : We know that the average KE for 1 mol of a gas is given as 


AST 
Bo 


AS : $ mole of a gas at 
Now c, is defined as the heat required to raise the temperature of 1 8 


constant volume by one degree ie, if E, denotes total energy of gas at T K and 
E. \Signifies total energy of gas at (T + 1) K, then c, = Е... Er: 


1 3 
(0) We know that for monoatomic gas, total energy ^ ^ RT 
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3 3 3 
monoatomic gas c, = gRC* Dre RT- zR 


5 


3 
Hence Corie BS RT SR 


5 
(ii) For diatomic gases, total energy = 2 RT 


5 5 5 
cy TQR(T*D-R JRT S 


5 7 
с, = си gR*R-53R 


(iii) You should now find out c, and c, for triatomic gas. a 


1. What is the total energy of a nitrogen molecule? 


2. Calculate the value of c, and c, for nitrogen (given, R = 8.3J mol! K-). 


3. "Why do gases have two types of specific heat capacities? 


Brownian Motion and Mean Free Path 


Scottish botanist Robert Brown, while observing the pollen grains of a flower 
suspended in water, under his microscope, found that the pollen grains were tumbling 
and tossing and moving about in a zigzag random fashion. The random motion of 
pollen grains, was initially attributed to live objects. But when motion of pollens of 
dead plants and particles of mica and stone were seen to exhibit the same behaviour, 
it became clear that the motion of the particles, now called Brownian motion, was 
caused by unbalanced forces due to impacts of water molecules. Brownian motion 
provided a direct evidence in favour of kinetic theory of matter. The Brownian 
displacement was found to depend on, 


(i) Size of the particles of the suspension — smaller the Particles, more the chances 
of inbalanced impacts and more pronounced the Brownian motion. 


(ii) Тһе Brownian motion also increases with the increase in the temperature and 
decreases with the viscosity of the medium. 


Due to mutual collisions, the molecules of a fluid also move on zig-zag paths. The 
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average distance between two successive collisions of the molecules is called mean 
free path. The mean free path of a molecule is given by 


1 
Ta Р nnd? 


where n is the number density and d the diameter of the molecules. 


TEA 


plies 


e Kinetic theory relates macroscopic properties to microscopic properties of individual 
molecules. 


€ Тһе pressure of a gas is the average impact of its molecules on the unit area of the 
walls of the container. 

ә Kinetic energy of a molecule depends on the absolute temperature T and is independent 
of its mass. Р 

ә Atabsolute zero of temperature, the kinetic energy of a gas is zero and molecular 
motion ceases to exist. 

© Gas law can be derived on the basis of kinetic theory. This provided an early evidence 
in favour of kinetic theory. 


* Depending on whether the volume or the pressure is kept constant, the [o of 
heat required to raise the temperature of unit mass of a gas by 1°C is different. 


Hence there are two specific heats of gas : 
i) Specific heat capacity at constant volume (cy) 


ii) Specific heat capacity at constant pressure (c) 


These are related as Ж, Аг." 
№ 
T e, = J 


* The law of equipartition of the energy states that the total kinetic energy ofa dynamical 


3 it i al to 
system is distributed equally among all its degrees of freedom зоди 


> KT per degree of freedom. 


3 ares ; 
; 1 is — КТ, (ii) a diatomic gas 15 
Total energy for a molecule of (i) monatomic gas i$ > kT, (ii) 


5 
2 , and (iii) a triatomic gas is 3 КТ. 


o â lll c TE 
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Can we use Boyle’s law to compare two different ideal gases? 


What will be thè velocity and kinetic energy of the molecules of a substance at 
absolute zero temperature? . 


If the absolute temperature of a gas is raised four times, what will happen to its 
kinetic energy, root-mean square velocity and pressure? 


What should be the ratio ofthe average velocities of hydrogen molecules (molecular 
mass — 2) and that of oxygen molecules (molecular mass 32) in a mixture of two 
gases to have the same kinetic energy per molecule? 


If three molecules have velocities 0.5, 1 and 2 kms" respectively, calculate the ratio 
between their root mean square and average speeds. 


Explain what is meant by the root-mean square velocity of the molecules of a gas. 
Use the concepts of kinetic theory of gases to derives an expression for the root- 
mean square velocity of the molecules in term of pressure and density of the gas. 


i) Calculate the average translational kinetic energy of a neon atom at 25 °C. 
ii) At what temperature does the average energy have half this value? 


A container of volume of 50 ст? contains hydrogen at a pressure of 1.0 Pa and ata 
temperature of 27 °C. Calculate (a)the number of molecules of the gas in the con- 
tainer, and (b)their root-mean square speed. 


( R= 8.3 J mol! K^ , N =6 x 10? mol"', Mass of 1 mole of hydrogen -molecule = 
20 x 10? kg mol"). 


A closed container contains hydrogen which exerts pressure of 20.0 mm Hg at à 
temperature of 50 К. 


(a)At what temperature will it exert pressure of 180 mm Hg? 


b) If the root-mean square velocity of the hydrogen molecules at 10.0 K is 
800 m s~, what will be their root-mean square velocity at this new temperature? 


. State the assumptions of kinetic theory of gases. 

. Findan expression for the pressure of a gas. 

- Deduce Boyle's law and Charle's law from kinetic the theory of gases. 

. What is the interpretation of temperature on the basis of kinetic theory of gases?. 
. What is Avagardo's law? How can it be deduced from kinetic theory of gases 


. Calculate the root-mean square of the molecules of hydrogen at 0 °C and at 100 °C 


( Density of hydrogen at 0°C and 760 mm of mercury pressure = 0.09 kg m^). 


. Calculate the pressure in mm of mercury exerted by hydrogen gas if the number of 


molecules per m is 6.8 x 10?* and the root-mean square speed of the molecules § 


1.90 x 10 ms". Avogadro’s number 6.02 x 10? and molecular weight of hydrogen = 
2.02). 


17. Define specific heat of a gas at constant pressure. Derive the relationship between 
A and c,. > 


18. Define specific heat of gases at constant volume. Prove that for a triatomic gas 
c,=3R . 


19. Calculate c, and cy for argon. Given R = 8.3 J mol” К". 


Answers to Intext Questions 


10.1 


1. (i) Because in a gas the cohesive force between the molecules aré extremely small 
as compared to the molecules in a liquid. 


(ii) Because the molecules in a solid are closely packed. The bonds between the 
molecules are stronger giving a ordered structure. 


2. The gas which follows the kinetic theory of molecules is called as an ideal gas. 


l. Average Speed c 


_ 5004 600 + 700 + 800 +900 
2) 


= 700 m s? 


Average value of с? 


_ 500° +600? +700? +800? + 900° 
5 


= 510,000 m? s? 


Cpm = JE = [510,000 -74ms' 


Cm and c are not same 


rms 


2. The resultant pressure of the mixture will be the sum of the pressure of gases 1 and 
2 respectively i.e. P = P, + Pj. 


3. Boyle’s law is not applicable. 


LL 
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10.3 


1 
1. For each degree of freedom, energy = 3k T 
5 
*. for 5 degrees of freedom for a molecule of nitrogen, total energy = = kT. 


Е SONT 5 
2. cy fora diatomic molecule = 3 R 


Nju 


cy = 5 x 8.3 J mot! K- =20.75 J mot! К+. 
p = €, +R = 29.05 J mol! C", 


Answers to Terminal Problem 


2. zero 

3. becomes 4 times, doubles, becomes 4 time. 
4. 4:1 

$502 

7. 6.18 x 10?! ms", — 124 °C 

8. 12x10?,7.9 x 10! m s" 

9. 2634*C,2560 ms" 


15. 1800 ms", 2088 ms" 
16. 3.97 x 10° Nm? 
17. 12.45 J mol! K~, 20.75 J mol"! K-!, 
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THERMODYNAMICS 


You are familiar with the sensation of hotness and coldness. When you rub your hands 
together, you get the feeling of warmth. You will agree that the cause of heating in this 
case is mechanical work.This suggests that there is a relationship between mechanical 
work and thermal effect. A study of phenomena involving thermal energy transfer between 
bodies at different temperatures forms the subject matter of thermodynamics, which is a 
phenomenological science based on experience. A quantitative description of thermal 
phenomena requires a definition of temperature, thermal energy and internal energy. And 
the laws of thermodynamics provide relationship between the direction of flow of heat, 
work done on/by a system and the internal energy of a system. 


In this lesson you will learn three laws of thermodynamics : the zeroth law, the first law 
and the second law of thermodynamics. These laws are based on experience and need no 
proof. As such, the zeroth, first and second law introduce the concept of temperature, 
internal energy and entropy, respectively. While the first law is essentially the law of 
Conservation of energy for a thermodynamic system, the second law deals with conversion 
Of heat into work and vice versa. You will also learn that Carnot’s engine has maximum 
efficiency for conversion of heat into work. 


Objectives 
After studying this lesson, you should be able to : 


* draw indicator diagrams for different thermodynamic processes and show that 
the area under the indicator diagram represents the work done in the process; 


* explain thermodynamic equilibrium and state the Zeroth law of thermodynamics; 


* explain the concept of internal energy of a system and state first law of 
thermodynamics; 


* apply first law of thermodynamics to simple systems and state its limitations; 
define triple point; 
* state the second law of thermodynamics in different forms; and 


* describe Carnot cycle and calculate its efficiency. 


mn: a: La... 


11.1.1 Heat 


Energy has pervaded all facets of human activity ever since man lived in caves. In its 
manifestation as heat, energy is intimate to our existence. The energy that cooks our food, 
lights our houses, runs trains and aeroplanes originates in heat released in burning of wood, 
coal, gas or oil. You may like to ask : What is heat? To discover answer to this question, let 
us consider as to what happens when we inflate the tyre of a bicycle using a pump. If you 
touch the nozzle, you will observe that pump gets hot. Similarly, when you rub you hands 
together, you get the feeling of warmth. You will agree that in these processes heating is 
- not caused by putting a flame or something hot underneath the pump or the hand. Instead, 
heat is arising as a result of mechanical work that is done in compressing the gas in the 
pump and forcing the hand to move against friction. These examples, in fact, indicate a 
relation between mechanical work and thermal effect. { 


" 


We know from experience that a glass of ice cold water left to itself on a hot summer day 
eventually warms up. But a cup of hot coffee placed on the table cools down. It means 
that energy has been exchanged between the sysem — water or coffee — and its surrounding 
medium. This energy transfer continues till thermal equilibrium is reached. That is until 
both — the system and the suroundings — are as the same temperature. It also shows that 
the direction of energy transfer is always from the body at high temprature to a body at 
lower temperature. You may now ask : In what form is energy being transferred? In the. 
above examples, energy is said to be transfered in the form of heat. So we can say that 
heat is the form of energy transferred between two (or more) systems or a system and 
its surroundings because of temperature difference. jeo 


You may now ask. What is the nature of this form of energy? The answer to this question. 
was provided by Joule through his work on the equivalence of heat and mechanical work: 
Mechanical motion of molecules making up the System is associated with heat. 


| 
The unit of heat is calorie. One calorie is defined as the quantity of heat energy. required 
to raise the temperature of 1 gram of water from 14.5°С to 15.5*C. It is denoted as cal. 


Kilocalorie (k cal) is the larger unit of heat energy : 
1 kcal = 10? cal. 
Also l cal =4.18 J 


11.1.2 Concept of Temperature t 


While studying the nature of heat, you learnt that energy exchange between a glass of 
cold water and its surroundings continues until thermal equilibrium was reached. All bodies И 
in thermal equilibrium have a common property, called temperature, whose value is same 
for all of them. Thus, we can say that temperature of a body is the property whic} deterinines 
whether or not it is in thermal equilibrium with other bodies. р 


a 
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11.1.3. Thermodynamic Terms 


(i) Thermodynamic system : A thermodynamic system refers to a definite quantity of 
matter which is considered unique and separated from everything else, which can 
influence it. Every system is enclosed by an arbitrary surface, which is called its 
boundary. The boundary may enclose a solid, a liquid or a gas. It may be real or 
imaginary, either at rest or in motion and may change its size and shape. The region 
of space outside the boundary of a system constitutes its surroundings. 


(a) Open System : It is a system which can exchange mass and energy with the 
surroundings. A water heater is an open system. 


(b) Closed system : It is a system which can exchange energy but not mass with 
the surroundings. A gas enclosed in a cylinder fitted with a piston is a closed 


system. 

(c) Isolated system : It is a system which can exchange neither mass nor energy 
with the surrounding. A filled thermos flank is an ideal example of an isolated 
system. 


(ii) Thermodynamic Variables or Coordinates : In module-1, we have studied the 
motion of a body (ога system) in terms of its mass, position and velocity. To describe 
a thermodynamic system, we use its physical properties such on temperature (T), 
pressure (P), and volume (V). These are called thermodynamic variables. 


(iii) Indicator diagram : You have learnt about displacement-time and velocity-time 
graphs in lesson 2. To study a thermodynamic system, we use а pressure-volume 
graph. This graph indicates how pressure (P) ofa system varies with its volume (V) 
during a thermodynamic process and is known as an indicator diagram. 


The indicator diagram can be used to obtain an expression for the work done. It is equal 
to the area under the P-V diagram (Fig. 11.1). Suppose that pressure is P at the start of a 
very small expansion AV. Then, work done by the system. 


AW -PAV (11.1) 
= Area of a shaded strip ABCD 


Now total work done by the system when it 
expands from V, to V, = Area of РР,У;УҮР, 

Note that the area depends upon the shape of 
the indicator diagram. 


The indicator diagram is widely used in 
calculating the work done in the process of 
expansion or compression. It is found more 
Useful in processes where relationship between 
P and V is not known. The work done on the 
System increases its energy and work done by Fig. 11.1 : Indicater Diagram 
the system reduces it. For this reason, work done 

on the system is taken as negative. You must note 


a — 


that the area enclosed by an isotherm 
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(plot of p versus V at constant temperature) depends on its shape. We may conclude that 
work done by or on a system depends on the path. That is, work does not depend on the 
[LU 1 


initial and final states. 


11.2 Thermodynamic Equilibrium 


Imagine that a container is filled with a liquid (water, tea, milk, coffee) at 60°C. Ifitis left 
to itself, it is common experience that after some time, the liquid attains the room 
temperature. We then say that water in the container has attained thermal equilibrium with 
the surroundings. 


If within the system, there are variations in pressure or elastic stress, then parts of the _ 
system may undergo some changes. However, these changes cease ultimately, and no 
unbalanced force will act on the system. Then we say that it is in mechanical equilibrium. 
Do you know that our earth bulged out at the equator in the process of attaining mechanical 
equilibrium in its formation from a molten state? 


Ifa system has components which react chemically, after some time, all possible chemical 
reactions will cease to occur. Then the system is said to be in chemical equilibrium. 


m 
A system which exhibits thermal, mechanical and chemical equilibria is said to be in 


thermodynamic equilibrium. The macroscopic properties of a system in this state do not 
change with time. 


11.2.1 Thermodynamic Process 


Ifany ofthe thermodynamic variables of a system change while going from one equilibrium 
state to another, the system is said to execute a thermodynamic process. For example, the 
expansion of a gas in a cylinder at constant pressure due to heating is a thermodynamic 
process. A graphical representation of a thermodynamic process is called a path. 


Now we will consider different types of thermodynamic processes. 


(i) Reversible process : If a process is executed so that all intermediate stages 
between the inital and final states are equilibrium states and the process can be 
executed back along the same equilibrium states from its final state to its initial state; 
it is called reversible process. A reversible process is executed very slowly and in 
controlled manner. Consider the following examples : : 


e  Takeapiece of ice in a beaker and heat it. You will see that it changes to water. 


If you remove the same quantity of heat of water by keeping it inside à 
refrigerator, it again changes to ice (initial state). [ 


e Considera spring supported at one end. Put Some masses at its free end one by 
one. You will note that the spring elongates (increases in length). Now remove 
the masses one by one. You will see that spring retraces its initial positions: 
Hence it is a reversible process, 


" 


As such, a reversible process can only be idealised and never achieved in practice: 


(ii) Irreversible process : A process which cannot be retraced along the same 


y 
pee 


equilibrium state from final to the initial state is called irreversible process. 


All natural process are irrerersible. For example, heat poduced during friction, sugar 
dissolved in water, or rusting of iron in the air. It means that for irrerersible process, 
the intermediate states are not equilibrium states and hence such process can not be 
represented by a path. Does this mean that we can not analyse an irrerersible 
process? To do so, we use quasi-static process, which is infinitesimally close to the 
equilibrium state. 


(ii) Isothermal process : A thermodynamic process that occurs at constant temperature 
is an isothermal process. The expansion and compression of a perfect gas in a cylinder 
made of perfectly conducting walls are isothermal processes. The change in pressure 
or volume is carried out very slowly so that any heat developed is transferred into the 
surroundings and the temperature of the system remains constant. The thermal 
equilibrium is always maintained. In such a process, AQ, AU and AW are finite. 


(iv) Adiabatic process : A thermodynamic process in which no exchange of thermal 
energy occurs is an adiabatic process. For example, the expansion and compression 
ofa perfect gas in a cylinder made of perfect insulating walls. The system is isolated 
from the surroundings. Neither any amount of heat leaves the system nor enters it 
from the surroundings. In this process, therefore AQ = 0 and AU =-AW. 


The change in the internal energy of the system is equal to the work done on the 
system. When the gas is compressed, work is done on the system. So, AU becomes 
positive апа {һе internal energy of the system increases. When the gas expands, 
work is done by the system. It is taken as positive and AU becomes negative. The 
internal energy of the system decreases. 


(V) Isobaric process : A thermodynamic process that occurs at constant pressure is an 
isobaric process. Heating of water under atmospheric pressure is an isobaric process. 


(vi) Isochoric process : A thermodynamic process that occurs at constant volume is an 
isochoric process. For example, heating of a gas in a vessel of constant volume is an 
isochoric process. In this process, volume of the gas remains constant so that no 
work is done, i.e. AW = 0. We therefore get AQ 7 AU. 


In a Cyclic Process the system returns back to its initial state. It means that there is no 
change in the internal energy of the system. AU = 0. 


^ AQ = AW. 
11.2.2 Zeroth Law of Thermodynamics 


Let us consider three metal blocks A, B and C. Suppose block A is in thermal equilibrium 
with block B. Further suppose that block A is also in thermal equilibrium with block C. It 
Means the temperature of the block A is equal to the temperature of block B as well as of 
block C. It follows that the temperatures of blocks B and C are equal. We summarize this 
result in the statement known as Zeroth Law of Thermodynamics : 


If two bodies or systems A and B are separately in thermal equilibrium with a third 
body C, then A and B are in thermal equilibrium with each other. 


— 
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Phase Change and Phase Diagram | 


You have learnt that at STP, matter exists in three states : solid, liquid and gas. The - 
different states of matter are called its phases. For example, ice (solid), water 
(liquid) and steam (gas) are three phases of water. We can discuss these three 
phases using a three dimensional diagram drawn in pressure (P), temperature (Т) | 
and volume (У). It is difficult to draw three dimensional diagram. Thus, we discuss. | 
the three phases of matter by drawing a pressure-temperature diagram. This is called 

phase diagram. i 


cial 


Fig. 11.3: Phase diagram of water 


т 


Refer to Fig. 11.3, which shows phase diagram of water. You can see three curves _ 
CD; AB and EF. Curve CD shows the variation of melting point of ice with pressure. 
It is known as a fusion curve. Curve AB shows variation of boiling point of water 
with pressure. It is known as vaporization curve. Curve EF shows change of ісе | 
directly to steam. It is known as а sublimation curve, This curve is also known as 
Hoarfrost Line. а 


If you extend ће curve AB, CD and EF (as shown in the figure with dotted lines), 


they meet at point P. This point is called triple point, At triple point, all three phases | 
co-exist. 


When we heat a solid, its temperature increases till it reaches a temperature at 1 
which it starts melting. This temperature is called melting point of the solid. During | 
this change of state, we supply heat continuously but the temperature does not rise. 
The heat required to completely change unit mass of a solid into its corresponding | 
liquid state at its melting point is called latent heat of fusion of the solid. — ' 


On heating a liquid, its temperature also rises till its boiling point is reached. At the - 
boiling point, the heat we supply is used up in converting the liquid into its gaseous | 
state. The amount of heat required to convert unit mass of liquid in its gaseous state | 
at constant temperature is called latent heat of vaporization of the liquid. Y 


11.2.3 Triple Point of Water a 


Triple point of a pure substance is a very stable state signified by precisely constant 
temperature and pressure values. For this reason, in kelvin’s scale of thermometry, triple” 
point of water is taken as the upper fixed point. 3 


On increasing pressure, the melting point ofa solid decreases and boiling point ofthe I ід 
increases. It is possible that by adjusting temperature and pressure, we can obtain 4 1 


three states of matter to co-exist simultaneously. These values of temperature and pressure 
signify the triple point. 


Be - Р 
©, Intext Questions 11.1 : i 
en 
1. Fill in the blanks Н 
е à ats 


(i) Zeroth law of thermodynamics provides ће 
basis for the concept of .. 


(ii) Ifa system A is in thermal equilibrium with 
a system B and B is in thermal equilibrium 
with another system C, then system A will V 
also be in thermal equilibrium with d Fig. 11.2 
system... Mesk 


< Сы OX CX 


(iii) The unit of heat is 


2. Fig. 11.2 is an indicator diagram of a thermodynamic process. Calculate the work 
done by the system in the process : 


(a) along the path ABC from A to C 


(b) If the system is returned from C to A along the same path, how much work is 
done by the system. 


3. ЕШ іп the blanks. 


() А reversible process is that which can Бе............- in the opposite direction 
from its final state to its initial state. 
(ii) Ап ШИИНИН process is that which cannot be retraced along the same 


4. State the basic difference between isothermal and adiabatic processes. 


11.3 Internal Energy of a System 


Have you ever thought about the energy which is released when water freezes into ice ? 
Don't you think that there is some kind of energy stored in water. This energy is released 
When water changes into ice. This stored energy is called the internal energy. On the 
basis of kinetic theory of matter, we can discuss the concept of internal energy as sum of 
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the energies of individual components/constituents. This includes kinetic energy due to 
their random motion and their potential energy due to interactions amongst them. Let us 
now discuss these. f 


(a) Internal kinetic energy : As you now know, according to kinetic theory, matter is 
made up of a large number of molecules. These molecules are in a state of constant 
rapid motion and hence possess kinetic energy. The total kinetic energy of the 
molecules constitutes the internal kinetic energy of the body. 


(b) Internal potential energy : The energy arising due to the inter-molecular forces is 
called the internal potential energy. 


The internal energy of a metallic rod is made up of the kinetic energies of conduction 
electrons, potential energies of atoms of the metal and the vibrational energies about their 
equilibrium positions. The energy of the system may be increased by causing its molecules 
to move faster (gain in kinetic energy by adding thermal energy). It can also be increased 
by causing the molecules to move against inter-molecular forces, i.e., by doing work on it. 
Internal energy is denoted by the letter U. 


Internal energy of a system — Kinetic energy of molecules + Potential energy of 

а molecules 
Let us consider an isolated thermodynamic system subjected to an external force. Suppose 
W amount of work is done on the system in going from initial state i to final state f. 


adiabatically. Let U, and U, be internal energies of the system in its initial and final states 
respectively. Since work is done on the system, internal energy of final state will be higher 


than that of the initial state. 
According to the law of conservation of energy, we can write 


U,-U,=-W 


Negative sign signifies that work is done on the System. 


We may point out here that unlike work, internal energy depends on the initial and final 
states, irrespective ofthe path followed. We express this fact by saying that U isa function 
of state and depends only on state variables P, V, and T. Note that if some work is done by. 
the system, its internal energy will decrease. 


11.4 First Law of Thermodynamics 


You now know that the zeroth law of thermodynamics tells us about thermal equilibrium. 
among different systems characterised by same temperature, However, this law does not 
tell us anything about the non-equilibrium state. Let us consider two examples : (i) TWO. 
systems at different temperatures are put in thermal contact and (ii) Mechanical rubbing 
between two systems. In both cases, change in their temperatures occurs but it cannot be 


explained by the Zeroth law. To explain such processes, the first law of thermodynamics 
was postulated. і 


The first law of thermodynamics is, in fact, the law of conservation of energy for 4 
thermodynamic system. It states that change in internal energy of a system during @ 
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thermodynamic process is equal to the sum of the heat given to it and the work done 
on it. 


Suppose that AQ amount of heat is given to the system and — AW work is done on the 
system. Then increase in internal energy of the system, AU, according to the first law of 
thermodynamics is given by 

AU = AQ- AW (11.3 a) 


This is the mathematical form of the first law of thermodynamics. Here AQ, AU and AW 
all are in ST units. 


The first law of thermodynamics can also be written as 
AQ =AU + AW (11.3 b) 
The signs of AQ, AU and AW are known from the following sign conventions : 


l. Work done (AW) by a system is taken as positive whereas the work done on a system 
is taken as negative. The work is positive when a system expands. When a system is 
compressed, the volume decreases, the work done is negative. The work done does 
not depend on the initial and final thermodynamic states; it depends on the path followed 
to bring a change. 

2. Heat gained by (added to) a system is taken as positive, whereas heat lost by a system 
is taken as negative. 


3. The increase in internal energy is taken as positive and a decrease in internal energy 
is taken as negative. 


Ifa system is taken from state 1 to state 2, it is found that both AQ and AW depend on the 
path of transformation. However, the difference (AQ —AW) which represents AU, remains 
the same for all paths of transformations. 


We therefore say that the change in internal energy AU of a system does not depend on 
the path of the thermodynamic transformations. 


11.4.1 Limitations of the First Law of Thermodynamics 


The first law of thermodynamics asserts the equivalence of heat and other forms of energy. 
This equivalence makes the world around us work. The electrical energy that lights our 
houses, operates machines and runs trains originates in heat released in burning of fossil or 
Nuclear fuel. In a sense, it is universal. It explains the fall in temperature with height; the 
adiabatic lapse rate in upper atmosphere. Its applications to flow process and chemical 
Teations are also very interesting. However, consider the following processes : 


* You know that heat always flows from a hot body to a cold body. But first law of 
thermodynamics does not prohibit flow of heat from a cold body to a hot body. It 
means that this law fails to indicate the direction of heat flow. 


You know that when a bullet strikes a target, the kinetic energy of the bullet is 
Converted into heat, This law does not indicate as to why heat developed in the 
target cannot be changed into the kinetic energy of bullet to make it fly. It means that 
this law fails to provide the conditions under which heat can be changed into work. 


a 
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Moreover, it has obvious limitations in indicating the extent to which heat can be 
converted into work. 


Now take a pause and answer the following questions : 


1. Fill in the blanks 


(i) The total of kinetic energy and potential energy of molecules of a system is called 
(Ea gear бше, pes 


2. The first law of thermodynamics states that .... 


11.5 Second. Baw. of Thermodynamics 


You now know that the first law of thermodynamics has inherent limitations in respect of 
the direction of flow of heat and the extent of. convertibility of heat into work. So a question 
may arise in your mind : Can heat be wholly converted into work? Under what conditions 
this conversion occurs? The answers of such questions are contained in the postulate of 
Second law of thermodynamics. The second law of thermodynamics is stated in several 


ways. However, here you will study Kelvin-Planck and Clausius statements of second 
law of thermodynamics. 


The Kelvin-Planck’s statement is based on the experience about the performance of 
heat engines. (Heat engine is discussed in next section.) In a heat engine, the working 
substance extracts heat from the source (hot body), converts a part of it into work and 
rejects the rest of heat to the sink (environment). There is no engine which converts the 
whole heat into work, without rejecting some heat to the sink. These observations led 
Kelvin and Planck to state the second law of thermodynamics as 


It is impossible for any system to absorb heat from a reservoir at a fixed 
temperature and convert whole of it into work. 


Clausius statement of second law of thermodynamics is based on the performance of 
a refrigerator. A refrigerator is a heat engine working in the opposite direction. It transfers 
heat from a colder body to a hotter body when external work is done on it. Here concep! 
of external work done on the system is important. To do this external work, supply of 
energy from some external source is a must. These observations led Clausius to state the 
second law of thermodynamics in the following form, 


It is impossible for any process to have as its sole result to transfer heat from à 
colder body to a hotter body without any external work, 


Thus, the second law of thermodynamics plays a unique role for practical devices like heat 
engine and refrigerator. 


11.5.1 Carnot Cycle 


You must have noticed that when water is boiled in a vessel having a lid, the steam 


generated inside throws off the lid. This 


do useful work. A device which can convert heat into work is called a heat engine. 
Modern engines which we use in our daily life are based on the principle of heat engine. 
These may be categorised in three types : steam engine, internal combustion engine and 
gas turbine. However, their working can be understood in terms of Carnot’s reversible 


engine. Let us learn about it now. 


Fig. 11.4: Indicator diagram of Carnot cycle 


In Carnot cycle, the working substance is subjected to four operations : (a) isothermal 
expansion, (b) adiabatic expansion, (c) isothermal compression and (d) adiabatic 
compression. Such a cycle is represented on the P-V diagram in Fig. 11.4. To describe 
four operations of Carnot's cycle, let us fill one gram. mol. ofthe working substance in the 
cylinder (Fig. 11.5). Original condition of the substance is represented by point A on the 
indicator diagram. At this point, the substance is at temperature T,, pressure P, and 


volume Mi 


YO 


Fig. 11.5 : The cylinder with working substance 


shows that high pressure steam can be made to 


(P, V) 


LA] 


э "3 


(а) Isothermal expansion : The cylinder is put in thermal contact with the source and 
allowed to expand. The volume of the working substance increases to У. Thus 
working substance does work in raising the piston. In this way, the temperature of 
the working substance would tend to fall. But it is in thermal contact with the source. 
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So it will absorb a quantity of heat Н, from the source at temperature T,. This is 
represented by the point B. At B, the values of pressure and volume are P, and Vi 
respectively. On the indicator diagram (Fig. 11.4), you see that in going from A to B, 
temperature of the system remains constant and working substance expands. We 
call it isothermal expansion process. H, is the amount of heat absorbed in the 
isothermal expansion process. Then, in accordance with the first law of 
thermodynamics, H, will be equal to the external work done by the gas during 
isothermal expansion from A to B at temperature T,. Suppose W, is the external 
work done by the gas during isothermal expansion AB. Then it will be equal to the 
area ABGEA. Hence 


W, = Area ABGEA 


(b) Adiabatic expansion : Next the cylinder is removed from the source and placed 
on a perfectly non-conducting stand. It further decreases the load on the piston to 
P,. The expansion is completely adiabatic because no heat can enter or leave the 
working substance. Therefore, the working substance performs external work in 
raising the piston at the expense of its internal energy. Hence its temperature falls. 
The gas is thus allowed to expand adiabatically until its temperature falls to T, the 
temperature of the sink. It has been represented by the adiabatic curve BC on the 
indicator diagram. We call it adiabatic expansion. If the pressure and volume of 
the substance are P, and У,, respectively at C, and W, is the work done by the 
substance from B to C, then 


W, = Area BCHGB. 


(c) Isothermal compression : Remove the cylinder from the non-conducting stand 
and place it on the sink at temperature T,. In order to compress the gas slowly, 
increase the load (pressure) on the piston until its pressure and volume become P, 
and V, respectively. It is represented by the point D on the indicator diagram (Fig. 
11.4). The heat developed (H.) due to compression will pass to the sink. Thus, there 
is no change in the temperature of the system. Therefore, it is called an isothermal 
compression process. It is shown by the curve CD (Fig. 11.4). The quantity of heat 
rejected (H.) to the sink during this process is equal to the work done (say W,) 0n 
the working substance. Hence 


W, = Area CHFDC 


(d) Adiabatic compression : Once again place the system on the non-conducting stand. 
Increase the load on the piston slowly. The substance will under go an adiabatic 
compression. This compression continues until the temperature rises to T, and the 
substance comes back to its original pressure P, and volume V ,. This is an adiabatic 
compression process and represented by the curve DA on the indicator diagram 
(Fig. 11.4). Suppose W, is the work done during this adiabatic compression from D 
to A. Then 


W, = Area DFEAD 


During the above cycle of operations, the working substance takes H, amount of heat 
from the source and rejects H, amount of heat to the sink. Hence the net amount of h 
absorbed by the working substance is 


AH= H, - H, 
Also the net work done (say W) by the engine in one complete cycle 
W = Area ABCHEA - Area CHEADC 
7 Area ABCD 


Thus, the work done in one cycle is represented on a P-V diagram by the area of the 
cycle. 


You have studied that the initial and final states of the substance are the same. It means 
that its internal energy remains unchanged. Hence according to the first law of 
thermodynamics 

W -H,-H, 
Therefore, heat has been converted into work by the system, and any amount of work can 
be obtained by merely repeating the cycle. 
11.7.2 Efficiency of Carnot Engine 


Efficiency is defined as the ratio of heat converted into work in a cycle to heat taken from 
the source by the working substance. It is denoted as 1]: 


_ Heat converted into work 
1 = Heat taken from source 


H, -H H 
or n= H 22]. 


It can be shown that for Carnot’s engine, 


Hid 
ү 1 É 
T 
Hence, n =1-т 
1 


Note that efficiency of carnot engine does not depend on the nature of the working 
Substance, Further, if no heat is rejected to the sink, т will be equal to one. But for H, to 
be zero, T, must be zero, It means that efficiency n can be100% only when Т, = 0. The 
entire heat taken from the hot source is converted into work. This violates the second law 
of thermodynamics. Therefore, a steam engine can operate only between finite temperature 
limits and its efficiency will be less than one. 


Itcan also be argued that the Carnot cycle, being a reversible cycle, is most efficient; no 
Sngine can be more efficient than a Carnot engine operating between the same two 
temperatures, 

11.7.3 Limitation of Carnot’s Engine 


You have studied about Carnot’s cycle in terms of isothermal and adiabatic processes. 
“re it is important to note that the isothermal process will take place only when piston 
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moves very slowly. It means that there should be sufficient time for the heat to transfer 
from the working substance to the source. On the other hand, during the adiabatic process, 
the piston moves extremely fast to avoid heat transfer. In practice, it is not possible to fulfill 
these vital conditions. Due to these very reasons, all practical engines have an efficiency 
less than that of Carnot’s engine. 


1. State whether the following statements are true or false. 


(i) In a Carnot engine, when heat is taken by a perfect gas from a hot source, the 
temperature of the source decreases. 


(ii) In Carnot engine, if temperature of the sink is decreased the efficiency of engine 
also decreases. 


СЕО өө 


2. (i) ACarnotengine has the same efficiency between 1000K and 500K and between 
TK and 1000K. Calculate T. 


(ii) А Carnot engine working between an unknown temperature Т and ice pan 
gives an efficiency of 0.68. Deduce the value of T. 


EEA 
КОЙ What You Have Learnt 


€ Heat is a form of energy which produces in us the sensation of warmth. 


e The energy which flows from a body at higher temperature to a body at lower 
temperature because of temperature difference is called heat energy. m 

e The most commonly known unit of heat energy is calorie. 1 cal = 4: E J and 
1k cal = 10? cal. 


e A graph which indicates how the pressure (P) of a system varies with its volume 
during a thermodynamic process is known as indicator diagram. 


€ Work done during expansion or compression of a gas is PAV =P(V x у). a Y ý 
e Zeroth law of thermodynamics states that if two systems are separately in thermal 
equilibrium with a third system, then they must also be in thermal equilibrium with 3 


other. 


e Thesum of kinetic energy and potential energy of the molecules of a body gives the 
internal energy. The relation between internal energy and work is О, – U,7 м. | 


270 


p ч 


MODULE - 3 


e The first law of thermodynamics states that the amount of heat given to a system is Thermal Physics 


equal to the sum of change in internal energy of the system and the external work 
done. 


e First law of thermodynamics tells nothing about the direction of the process, 


* The process which can be retraced in the opposite direction from its final state to i 
initial state is called a reversible process. 


* The process which can not be retraced along the same equilibrium state from final to 
the initial state is called an irreversible process. A process that occurs at constant 
temperature is an isothermal process. Б 


• Апу thermodynamic process that occurs at constant heat is an adiabatic process. 


• The different states of matter are called its phase and the pressure and temperature 
diagram showing three phases of matter is called a phase diagram. 


* Triple point is a point (on the phase diagram) at which solid, liquid and vapour states of 
matter can co-exist. It is characterised by a particular temperature and pressure. 


* According to Kelvin-Planck’s statement of second law, it is not possible to obtain a 
continuous supply of work from a single source of heat. 


è According to Clausius statement of second law, heat can not flow from a colder body 
to a hotter body without doing external work on the working substance. 


* Тһе three essential requirements of any heat engine are : 
(i)source from which heat can be drawn 
(iia sink into which heat can be rejected. 


(üi)working substance which performs mechanical work after being supplied with 
heat. 


è Camot’s engine is an ideal engine in which the working substance is subjected to four 
operations (i) Isothermal expansion (ii) adiabatic expansion (iii) isothermal compression 
and (iv) adiabatic compression. Such a cycle is called a Carnot cycle. 
Efficiency of a Carnot engine is given only 

H 


(i i Н. = Amount of heat absorbed and H, = Amount of heat rejected. 
á 1 
1 
=1- T , T, = Temperature of the source, and T, = Temperature of the sink. 
1 


Efficiency does not depend upon the nature of the working substance. 
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2. What do you mean by an indicator diagram. Derive an expression for the work done 
during expansion of an ideal gas. 


3. Define temperature using the Zeroth law of thermodynamics. 
State the first law of thermodynamics and its limitations. 


rm 


What is the difference between isothermal, adiabetic, isobaric and isochoric 
processes? 


State the Second law of thermodynamics. 
Discuss reversible and irreversible processes with examples. 


Explain Carnot's cycle. Use the indicator diagram to calculate its efficiency. 


MOOR Ooh 


Calculate the change in the internal energy of a system when (a) the system absorbs 
20007 of heat and produces 500 J of work (b) the system absorbs 1100J of heat and 
400J of work is done on it. 


10. A Carnot's engine whose temperature of the source is 400K takes 200 calories of 
heat at this temperature and rejects 150 calories of heat to the sink. (i) What is the 
temperature of the sink. (ii) Calculate the efficiency of the engine. 


| Answers to Intext Questions 
11.1 

1. (i) Temperature (ii) C (iii) Joule or Calorie 
2. (a) P,(V,- V) (b)-P,(V,- V) 

3. (1) retrace (11) irreversible 
4 


An isothermal process occurs at a constant temperature whereas an adiabatic process 
occurs at constant heat. 


5. Attriple point all three states of matter i.e. solid, liquid and vapour can co-exist. 


11.2 
1. (i) Internal energy (ii) on 


2. It states that the amount of heat given to a system is equal to the sum of the change 
in internal energy of the system and the external energy. 


11.3 
1. (i) False (ii) True 
2. (i) 2000K (ii) 8583.1K 


Answers to Terminal Problems 
9. (a) 1500 J (b) 1500 J. 
10. 300K, 25% 
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HEAT TRANSFER AND 
SOLAR ENERGY 


1 nthe previous lesson you have studied the laws of thermodynamics, which govern the 
flow and direction of thermal energy ina thermodynamic system. In this lesson you will 
learn about the processes of heat transfer. The energy from the sun is responsible for life 
on our beautiful planet. Before reaching the earth, it passes through vacuum as well as 
material medium between the earth and the sun. Do you know that each one of us also 
tadiates energy at the rate of nearly 70 watt? Here we will study the radiation in detail. 
This study enables us to determine the temperatures of stars even though they are very 


far away from us. 


Another process of heat transfer is conduction, which requires the presence of a material 
medium. When one end of ametal rod is heated, its other end also becomes hot after some 
time, That is why we use handles of wood or similar other bad conductor of heat in various 


appliances. Heat energy falling on the walls of our homes also enters inside through 


conduction. But when you heat water in a pot, water molecules near the bottom get the 


heat first. They move from the bottom of the pot to the water surface and carry heat 
energy. This mode of heat transfer is called convection. These processes are responsible 
for various natural phenomena, like monsoon which are crucial for existence of life on the 


globe. You will learn more about these processes of heat transfer in this unit. 


1D Objectives | 


After studying this lesson, you should be able to: 


* distinguish between conduction convection and radiation; 


* define the coefficient of thermal conductivity; 


* describe green house effect and its consequenies for life on earth; and 


* apply laws governing black body radiation. 


You have learnt the laws of thermodynamics in the previous lesson. The second law 
postulates that the natural tendency of heat is to flow spontaneously from a body at higher 
temperature to a body at lower temperature. The transfer of heat continues until the 
temperatures of the two bodies become equal. From kinetic theory, you may recall that 
temperature of a gas is related to its average kinetic energy. It means that molecules ofa 
gas at different temperatures have different average kinetic energies. 


There are three processes by which transfer of heat takes place. These are : conduction, 
convection and radiation. In conduction and convection, heat transfer takes place through 
molecular motion. Let us understand how this happens. 


A B Heat transfer through conduction is more common 


a er шы] in solids. We know that atoms in solids are tightly 


bound. When heated, they can not leave their sites; 

they are constrained to vibrate about their respective 

equilibrium positions. Let us understand as to what 

happens to their motion when we heat a metal rod at 

Fig. 12.1: Heat conduction ina one end (Fig.12.1). The atoms near the end A become 

metal rod hot and their kinetic energy increases. They vibrate 

about their mean positions with increased kinetic 

energy and being in contact with their nearest neighbouring atoms, pass on some of 

their kinetic energy (K.E.) to them. These atoms further transfer some К.Е to their 

neighboures and so on. This process continues and kinetic energy is transferred to 

atoms at the other end B of the rod. As average kinetic energy is proportional to 

temperature, the end B gets hot. Thus, heat is transferred from atom to atom by 

conduction. In this process, the atoms do not bodily move but simply vibrate 
about their mean equilbrium positions and pass energy from one to another. 


In convection, molecules of fluids receive thermal energy 
and move up bodily. To see this, take some water in à 
flask and put some grains of potassium permanganate 
(KMn0O,) at its bottom. Put a bunsen flame under the 
flask. As the fluid near the bottom gets heated, it expands. 
The density of water decreases and the buoyant force 
causes it to move upward (Fig. 1 2.2). The space occupied 
by hot water is taken by the cooler and denser water, 
which moves downwards. Thus, a convection current of 


Fig. 12.2: Convection 


VENIAM AR hotter water going up and cooler water coming down is 
formedinwater Set up. The water gradually heats up. These convection 
when heated currents can be seen as KMnO, colours them red. 


In radiation, heat energy moves in the form of waves. You will learn about the 
characteristics of these waves in a later section. These waves can pass through vacuum 


and do not require the presence of. any material medium for their propagation. Heat from 
the sun comes to us mostly by radiation. 


We now study these processes in detail. 


12.1.1 Conduction Thermal Physics 


Consider a rectangular slab of area of cross-section A 
and thickness d. 115 two faces are maintained at 
temperatures T, апат, (« T, ), as shown in Fig. 12.3. Let 
us consider all the factors on which the quantity of heat 
Q transferred from one face to another depends. We 
can intuitively feel that larger the area A, the greater will 
be the heat transferd (О с. A). Also, greater the thickness, 


Fig. 12.3: Heat conduction 


lesser will be the heat transfer (0 о 1/4). Неаї їгапѕѓег through a slab of 
will be more if the temperature difference between the thickness d and 
faces, (T, — T, ), is large. Finally longer the time ¢ allowed surface area A, when 
for heat transfer, greater will be the value of Q. the faces are kept at 
Mathematically, we can write TONS. Zand 
AT, =T,).t a 
d 
KA(T,- T.)t 
Q ттр (12.1) 


where K is a constant which depends on the nature of the material of the slab. It is called 
the coefficient of thermal conductivity,or simply, thermal conductivity of the material. 
Thermal conductivity of a material is defined as the amount of heat transferred in one 
second across a piece of the material having area of cross-section Im?and edge Im when 
its opposite faces are maintained at a temperature difference of 1 К. The SI unit of 
thermal conductivity is W m” k'. The value of K for some materials is given in Table 12.1 


Table 12.1 : Thermal 
Conductivity of some 
materials 


Material Thermal 
conductivity 

(Wm K") 
[copper | ао | 
Aluminium 
[oss — | os | 


[Example 12.1 : A cubical thermocole box, full of ice. has side 30 cm and thickness of 
5.0 cm. If outside temperature is 45°C, estimate the amount of ice melted in 6 h. (К for 
thermacole is 0.01 J s^ m” °C- and latent heat of fusion of ice is 335 J g”. 


Solution : The quantity of heat transferred into the box through its one face can be 
Obtained using Eq. (12.1): 


b KAT,- Т) Water 
d 


(0.01 J s! т! °С") х (900 x 10 тз) x (45 °С) 
x (6 x 60 x 605) / (5x 10? m) 


[тетке | шп | 
= 104961 
Since the box has six faces, total heat passing into the box 


О = 10496 x65 


The mass of ice melted m, can be obtained by dividing О by L : 
m =Q/L 
ip 104969; x6 
335 Jg 


=313 x 6g=18782 A 


ee 
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We can see from Table 12.1 that metals such as copper and aluminium have high thermal 
conductivity. This implies that heat flows with more ease through copper. This is the reason 
why cooking vessels and heating pots are made of copper. On the other hand, air and 
thermocole have very low thermal conductivities. Substances having low value of K are 
sometimes called thermal insulators. We wear woollen clothes during winter because air 
trapped in wool fibres prevents heat loss from our body. Wool is a good thermal insulator 
because air is trapped between its fibres. The trapped heat gives us a feeling of warmth. 
Even if a few cotton clothes are put on one above another, the air trapped in-between 
layers stops cold. In the summer days, to protect a slab of ice from melting, we put itina 
ice box made of thermocole. Sometimes we wrap the ice slab in jute bag, which also has 
low thermal conductivity. 


12.1.2 Convection 


It is common experience that while walking by the side of a lake or a sea shore on a hot 
day, we feel a cool breeze. Do you know the 
reason? Let us discover it. 


Due to continuous evaporation of water from 
the surface of lake or sea, the temperature 
of water falls. Warm air from the shore rises 
and moves upwards (Fig.12.4). This creates 
low pressure area on the shore and causes 
cooler air from water surface to move to the 
Fig 124: Convection currents! ot air trom shore. The net effect of these convection 
theshore rises and moves towards CUrrents is the transfer of heat from the 
cooler water. The convection current shore,which is hotter, to water, which is 
from water to the shores is cooler. The rate of heat transfer depends on 
сане исеа as con prese: many factors.There is no simple equation 
for convection as for conduction. However, the rate of heat transfer by convection 
depends on the temperature difference between the surfaces and also on their areas. 


Now let us check how much you have learnt about the methods of heat transfer. 


1. Distinguish between conduction and convection. 


4. A cubical slab of surface area 1 m?, thickness | m, and made of a material of thermal 
conductivity K. The opposite faces of the slab are maintained at 1°C temperature 


difference. Compute the energy transferred across the surface in one second. ani 
hence give a numerical definition of K. 
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5. During the summer, the land mass gets very hot. But the air over the ocean does not f Thermal Physics 


get as hot. This results in the onset of sea breezes. Explain. 


A00 a ——MMMMMMM—————————————————————— 


12.1.3 Radiation 


Radiation refers to continuous emission of energy from the surface of a body. This energy 
is called radiant energy and is in the form of electromagnetic waves. These waves travel 
with the velocity of light (3 x 105 тг!) and can travel through vacuum as well as through 
air. They can easily be reflected from polished surfaces and focussed using a lens. 


All bodies emit radiation with wavelengths that are chracteristic of their temperature. The 
sun, at 6000 K emits energy mainly in the visible spectrum. The earth at an ideal radiation 
temperature of 295 K. radiates energy mainly in the far infra-red (thermal) region of 
electromagnetic spectrum. The human body also radiates energy in the infra-red region. 


Let us now perform a simple experiment. Take a piece of blackened platinum wire in a 
dark room. Pass an electrical current through it. You will note that the wire has become 
hot. Gradually increase the magnitude of the current. After sometime, the wire will begin 
to radiate. When you pass а slightly stronger current, the wire will begin to glow with dull 
red light. This shows that the wire is just emitting red radiation of sufficient intensity to 
affect the human eye. This takes place at nearly 525°C. With further increase in temperature, 
the colour of the emitted rediation will change from dull red to cherry red (at nearly 
900°C) to orange (at nearly 1100°C), to yellow (at nearly 1250°C) until at about 1600°C, 
it becomes white. What do you infer from this? It shows that the temperature of a luminous 
body can be estimated from its colour. Secondly, with increase in temperature, waves 
of shorter wavelengths (since red light is of longer wavelength than orange. yellow etc.) 
are also emitted with sufficient intensity. Considering in reverse order, you may argue 
that when the temperature of the wire is below 525°C, it emits waves longer than red but 
these waves can be detected only by their heating effect. 


At any temperature, the radiant energy emitted by a body is a mixture of waves of different 
wavelengths. The most intense of these 
Waves will have a particular wavelength 
(say), ).At 400°C, the A, will be about 5 
XI0-*cm or 5 ит (1 micron (p) =10%m) 
for a copper block.The intensity 
decreases for wavelengths either greater 
or less than this value (Fig. 12.5). 


1(o т?) > 


Evidently area between each curve and 
the horizontial axis represents the total 
Tate of radiation at that temperature. You 
May study the curves shown in Fig. 12.5 


and verify th i facts. : 
fy the followin Fig. 12.5: Variation in intensity with 


l) The rate of radiation at a particular wavelength for a black body at 
temperature (represented by the different temperatures 
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area between each curve and the holizontal axis) increases rapidly with temperature, 


2) Each curve has a definite energy maximum and a corresponding wavelength А, (i.e; 
wavelength of the most intense wave). The А. shifts towards shorter wavelengths 
with increasing temperature. 


This second fact is expressed quantitatively by what is known as Wien’s displacement 
law. It states that A, shifts towards shorter wavelengths as the temperature of a 
body is increased. This law is., strictly valid only for black bodies. Mathematically, we 
say that the product X... Т is constant for a body emitting radiation at temperature Тї 


А, T = constant (122) 


The constant in Eqn, (12.2) has a value 2.884 x 10? mK. This law furnishes us witha 
simple method of determining the temperature of all radiating bodies including those in 
space. The radiation spectrum of the moon has a peak at 4, = 14 micron. Using Eqn: 
(12.2), we get 


2884 micron K 


T= 14 micron ` 206K 


That is, the temperature of the lunar surface is 206K 


Wilhelm Wien 
(1864 — 1928) 


The 1911 Nobel Leureate in physics, Wilhelm Wien, was son of a 

land owner in East Prussia. After schooling at Prussia, he went to 

Germany for his college. At the University of Berlin, he studied under 
great physicist Helmholtz and got his doctorate on diffraction of light from metal 
surfaces in 1886. : 1 


He had a very brilliant professional carrer. In 1896, he succeeded Philip Lenard as 
Professor of Physics at Aix-la-chappelle. In 1899, he become Professor of Physics 
at University of Giessen and in 1900, he succeeded W.C. Roentgen at Wurzberg. In 
1902, he was invited to succeed Ludwig Boltzmann at University of Leipzig and in 
1906 to succeed Drude at University of Berlin. But he refused these invitations. In 


1920, he was appointed Professor of Physics at munich and he remained there till his 
last. 


12.2.1 Kirchhoff's Law 


As pointed out earlier, when radiation falls on matter, it may be partly reflected, partly 
absorbed and partly transmitted. If for a particular wavelength À and a given surface; 


ға, and t,, respectively denote the fraction of total incident energy reflected, absorbed 
and transmitted, we can write 


1-5 +a, +t, (123) 
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A body is said to be perfectly black, if 7, = t, = 0 and a, = 1. It means that radiations 
incident on black bodies will be completely absorbed. As such, perfectly black body does 
not exist in nature. Lamp black is the nearest approximation to a black body. It absorbs 
about 96% of visible light and platinum black absorbs about 98%. It is found to transmit 
light of long wavelength. 


Aperfectly white body, in contrast, defined as a body with a, — 0, t, = 0 andr, = 1. A piece 
of white chalk approximates to a perfectly white body. 


This implies that good emitters are also good absorbers. But each body must either absorb 
or reflect the radiant energy reaching it. So we can say that a good absorber must be a 
poor reflector (or good emitter). 


Designing a Black Body 


Kirchoff’s law also enables us to design a perfectly black body for experimental 
purposes. We go back to an enclosure at constant temperature containing radiations 
between wavelength range А and À + dà. Now let us make a small hole in the 
enclosure and examine the radiation escaping out of it. This radiation undergoes multiple 
reflections from the walls. Thus, if the reflecting power of the surface of the wall is 
r, and emissive power is ез, the total radiation escaping out is given by 


ES 3 
Bose erp er t er) +... 


= 2 3 
ебу 363) 


E 1-7, 


e 
But from Kirchoffs Law P zE 
a 


e, = Ea, (12.5) 


where E, is the emission froma black body. If now walls are assumed to be opaque 


(i.e. t = 0), from Eqn. (12.3), we can write 
(12.6) 


gel e < 
Substituting this result in Eqn. (12.5), we get 
a= E, (1 5% r,) 
e 
or ке Ле (12.7) 
Б 1-7 


On comparing Eqns. (12.4) and (12.7), we note that the radiation emerging out ofthe 


hole will be identical to the radiation from a perfectly black emissive surface. Smaller 
the hole, the more completely black the emitted radiation. is. So we see that the 


uniformly heated enclosure with a small cavity behaves as a black body for 
emission. 


Such an enclosure behaves as a perfectly black body towards incident radiation also. 
Any radiation passing into the hole will undergo multiple reflections internally within 
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the enclosure and will be unable to escape 

outside. This may be further improved by 

blackening the inside.Hence the enclosure is a 

perfect absorber and behaves as a perfectly black 
P O body. 


Fig. 12.6 shows a black body due to Fery. There 
is a cavity in the form of a hollow sphere and its 
inside is coated with black material. It has a small 
conical opening O. Note the conical projection P 
opposite the hole O. This is to avoid direct 
radiation from the surface opposite the hole which 
would otherwise render the body not perfectly black. 


You have studied that black surface absorbs heat radiations more quickly than a shiny 
white surface. You can perform the following simple experiment to observe this effect. 


Fig. 12.6 : Fery’s black body 


Take two metal plates A and B. Coat one surface of A as black and polish one surface of 
B. Take an electric heater. Support these on vertical stands such that the coated black 
surface and coated white surface face the heater. Ensure that coated plates are equidstant 
from the heater. Fix one cork each with wax on the uncoated sides of the plates. 


Polished or white 
coated metal surface 


Fig. 12.7 : Showing the difference in heat absorption ofa black and a shining surface 


Switch on the electric heater. Since both metal plates are identical and placed at the same 
distance from the heater, they receive the same amount of radiation from it. You will 
observe that the cork on the blackened plate falls first. This is becasuse the black surface 
absorbs more heat than the white surface. This proves that black surfaces are g0 
aborbers of heat radiations. 
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On the basis of experimental measurements, Stefan and Boltzmann concluded that the 
radiant energy emitted per second from a surface of area A is proportional to fourth power 
of temperature : 


E-4e o T (12.8) 


where o is Stefan-Boltzmann constant and has the value 5.672 х 10*J m? s" K^. The 
temperature is expressed is kelvin, e is emissivity or relative emittance. It depends on the 
nature of the surface and temperature. The value of e lies between 0 and 1; being small 
for polished metals and 1 for perfectly black materials. 


From Eqn. (12.8) you may think that if the surfaces of all bodies are continually radiating 
energy, why don’t they eventually radiate away all their internal energy and cool down to 
absolute zero. They would have done so if energy were not supplied to them in some way. 
In fact, all objects radiate and absorb energy simultaneously. If a body is at the same 
temperaturture as its surroundings, the rate of emission is same as the rate of absorption; 
there is no net gain or loss of energy and no change in temperature. However, if a body is 
ata lower temperture than its surroundings, the rate of absorption will be greater than the 
rate of emission. Its temperature will rise till it is equal to the room temperature. Similarly, 
if a body is at higher temperature, the rate of emission will be greater than the rate of 
absorption. There will be a net energy loss. Hence, when a body at a temperature T, is 
placed in surroundings at temperature Т,, the amount of net energy loss per second is 
given by 


Е „= дес (T/ - T/) for T, > T, (12.5) 
[Example 12.2 : Determine the surface area of the filament of a 100 W incandescent 
lamp at 3000 К. Given o = 5.7 x 10° W m? K^, and emissivity e of the filament = 0.3. 
Solution: According to Stefan-Boltzmann law 
E=eAo T* 


Where E is rate at which energy is emitted, A is surface area, and T is tempeature of the 
Surface. Hence we can rewrite it as 


E 
ec T* 


A- 


On substituting the given data, we get 


100W 
A= 1035 (57 x 10* Wm? K” х(3000К)* 
=7.25 x 105m? 
Now it is time for you to check your understanding. x 
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3. State the important fact which we can obtain from the experimental study of the 
spectrum of black body radiation. 


4. А person with skin temperature 28°C is present in a room at temperature 
22°C.Assuming the emissivity of skin to be unity and surface area of the person as 
1.9m?, compute the radiant power of this person. 


12.3 Solar Energy 


You have learnt in your previous classes that sun is the ultimate source of all energy 
available on the earth. The sun is radiating tremendous amount of energy in the form of 
light and heat and even the small fraction of that radiation received by earth is more than 
enough to meet the needs of living beings on its surface. The effective use of solar energy, 
therefore, may some day provide solution to our energy needs. 


Some basic issues related with solar radiations are discussed below. 
1. Solar Constant 


To calculate the total solar energy reaching the earth, we first determine the amount of 
energy received per unit area in one second. The energy is called solar constant. Solar 
constant for earth is found to be 1.36 x 10? W m~. Solar constant multiplied by the surface 
area of earth gives us the total energy received by earth per second. Mathematically, 


Q=2n RIC 
where А, is radius of earth and C is solar constant 


Note that Only half of the earth’s surface has been taken into account as only this much of 
the surface is illuminated at one time. Therefore, 


Q =2 3.14 x (64 x 105 m}? x (1.36 x 10? W m?) 
3.5 х 100 W 
~3.5 х 10" MW 


To determine solar constant for other planets of the solar system, we may make usé of 
Stefan-Boltzman law, which gives the total energy emitted by the sun in one second : 


e -(Anr)c T: 
where r is radius of sun and T is its temperature. 


If R is radius of the orbit of the planet, then 


2 
€ r 4 
- =|— T 
ET e Я (12.6) 


And the solar constant (E^) at any other planet orbiting at distance К^ from the sun would 
be 


2 
r 4 
'= [= oF 12.7 
F (4) ч Чол) 
Е' ч 
рр 12.8 
Непсе Е e (12.8) 


The distance of mars is 1.52 times the distance of earth from the sun. Therefore, the solar 
constant at mars 


26x10Wm? - 


2. Greenhouse Effect 


The solar radiations in appropriate amount are necessary for CO, blanket 


life to flourish on earth. The atmosphere of earth plays an 
important role to provide a comfortable temperature for the 
living organisms. One ofthe processes by which this is done 
is greenhouse effect. 


Ina greenhouse, plants, flowers, grass etc. are enclosed ina 
glass structure. The glass allows short wavelength radiation 
of light to enter. This radiation is absorbed by plants. It is 
subsequently re-radiated in the forin of longer wavelength 
heat radiations — the infrared, The longer wavelength 
tadiations are not allowed to escape from the greenhouse as 
Blass is effectively opaque to heat. These heat radiations are 
thus trapped in the greenhouse keeping it warm. 


Fig. 12.8: Green house 
effect 


An analogous effect takes place in our atmosphere. The atmosphere, which contains a 
trace of carbon dioxide, is transparent to visible light. Thus, the sun’s light passes through 
the atmosphere and-teaches the earth’s surface. The earth absorbs this light and 
Subsequently emits it as infrared radiation. But carbon dioxide in air is opaque to infra-red 
tadiations.CO. reflects these radiations back rather than allowing them to escape into the 
atmosphere. As a result, the temperature of earth increases. This effect is referred to as 


the greenhouse effect. 


i. Mae 7 
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Thermal Physics # Due to emission of huge quantities of CO, in our atmosphere by the developed as well as 
developing countries, the greenhouse effect is adding to global warming and likely to pose 
' serious problems to the existence of life on the earth. A recent report by the UN has urged 
all countries to cut down on their emissions of CO,, because glaciers have begun to shrink 
at a rapid rate. In the foreseable future, these can cause disasters beyond imagination 
beginning with flooding of major rivers and rise in the sea level. Once the glaciers melt, 
there will be scarcity of water and erosion in the quality of soil. There is a lurking fear that 
these together will create problems of food security. Moreover, changing weather patterns 
can cause droughts & famines in some regions and floods in others. 


In Indian context, it has been estimated.that lack of positive action can lead to serious 
problems in Gangetic plains by 2030. Also the sea will reclaim vast areas along our coast 
lie, inundating millions of people and bring unimaginable misery and devastation. How can 
you contribute in this historical event? 


12.4 Newton's Law of Cooling 


Newton's law of cooling states that the rate of cooling of a hot body is directly proportional 
to the mean excess temperature of the hot body over that of its surroundings provided 
the difference of temperature is small. The law can be deduced from stefan- 
Boltzmann law. 


Let a body at temperature 7 be surrounded by another body at T.. The rate at which heat 
is lost per unit area per second by the hot body is 


E = ec (T' - T')A (12.9) 
As T! - Tf =(1? - T (T? +10) -(T -T )(T- 7, )(T? +T?) : Hence (12.10) 


E=eo(T-T,)(T+T?T,+ TT; + 7; )A 
If (T-T,) is very small, each of the term T°, Т2Т,, T T7 and T; may be approximated to Tq 
Hence 

Е =ес(Т-Т,) 47А 

=k(T-T,) 
where k = 4ec T; A. Hence, 
Ea (T - Tj) (12.1) 

This is Newton's law of cooling. 


1. Calculate the power received from sun by a region 40m wide and 50m long located 
on the surface of the earth? 


2. What threats are being posed for life on the earth due to rapid consumption of fossil 
fuels by human beings? 
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3. What will be shape of cooling curve of a liquid? Thermal Physics 
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Wwe What You Have Learnt 

o Heat flows from a body at higher temperature to a body at lower temperature. There 
are three processes by which heat is transferred : conduction, convection and radiation. 


e Inconduction, heat is transferred from one atom/ molecule to another atom/molecule 
which vibrate about their fixed positions. 
ә Inconvection, heat is transferred by bodily motion of molecules. In radiation, heat is 


transferred through electromagnetic waves. 
è Тһе quantity of heat transferred by conduction is given by 
K(T, - T.) At 
E arte itid 
ә  Wien's Law. The spectrum of energy radiated by a body at temperature T(K) has a 
maxima at wavelength À „ such that À „T = constant (72880 pK) 
Stefan-Boltzmann Law. The rate of energy radiated by a source at T(K) is given by 
E-ecAT* 
The absorptive power a is defined as 
_ Total amount of energy absorbed between А and A + dA 
Total amount of incident energy between À and À + dX 
* The emissive power of a surface e, is the amount of radiant energy emitted per 
square metre area per second per unit wavelongth range at a given temperature. 
ә Тһе solar constant for the earth is 1.36 х 10° Jm? s" 
*  Newton's Law of cooling states that the rate ofcooling ofa body is linearly proportional 
to the excess of temperature of the body above its surroundings. 


Cork Stopper 


1. Athermosflask (Fig.12.9) is made of a 
double walled glass bottle enclosed in 
metal container. The bottle contains 
some liquid whose temperature we 
want to maintain, Look at the diagram 
carefully and explain how the 
construction of the flask helps in 
Minimizing heat transfer due to 
conduction convection and radiation. 


outer metal 
container 
(brightly 
polished) 


2. The wavelength corresponding, to Fig. 12.9 
emission of energy maxima of a star is Еа 
4000 A*. Compute the temperature of the star (1A? = 10 * cm). 


m is placed in an evacuated enclosure 


3. A blackened solid copper sphere of radius 2c 


—- 
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whose walls are kept at 1000° С. At what rate must energy be supplied to the sphere 
to keep its temperature constant at 127° C. 


Comment on the statement “A good absorber must be a good emitter” 


A copper pot whose Бойт surface is 0.5cm thick and 50 cm in diameter rests on a 
burner which maintains the bottom surface of the pot at 110°C. A steady heat flows 
through the bottom into the pot where water boils at atmospheric pressure. The actual 
temperature of the inside surface of the bottom of the pot is 105°C. How many 
kilograms of water boils off in one hour? 


Define the coefficient of thermal conductivity. List the factors on which it depends. 
Distinguish between conduction and convection methods of heat (transfer). 


If two or more rods of equal area of cross-section are connected in series, show that 
their equivalent thermal resistance is equal to the sum of thermal resistance of each 
rod. [Note : Thermal resistance is reciprocal of thermal conductivity] 


Ratio of coefficient of thermal conductivities of the different materials is 4:3. To have 
the same thermal resistance of the two rods of these materials of equal thickness. 
what should be the ratio of their lengths? 


10. Why do we feel warmer on a winter night when clouds cover the sky than when the 


sky is clear? 


11. Why does a peice of copper or iron appear hotter to touch than a smilar piece of wood 


even when both are at the same temperature? 


12. Why is it more difficult to sip hot tea from a metal cup than from a china-clay cup? 


13. Why are the woollen clothes warmer than cotton clothes? 


14. Why do two layers of cloth of equal thickness provide warmer covering than a single 


layer of cloth of double the thickness? 


15. Can the water be boiled by convection inside an earth satellite? 


16. A. 500 W bulb is glowing. We keep our one hand 5 cm above it and other 5 cm below 


it. Why more heat is experienced at the upper hand? 


17. Two vessels of different materials are identical in size and in dimensions. They are 


filled with equal quantity of ice at OC. If ice in both vessles metls completely in 25 


minutes and in 20 minutes respectively compare the (thermal conductivities) of metals 
of both vessels. 


18. Calculate the thermal resistivity of a copper rod 20.0 cm. length and 4.0 cm. in diamtet 


Thermal conductivity of copper = 9.2 x 10? temperature different acrosss the ends of 
the rod be 50°C. Calculate the rate of heat flow. 
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@ Answers to Intext Questions 


S 


12.1 


l. Conduction is the principal mode of transfer of heat in solids in which the particles 
transfer energy to the adjoining molecules. 


In convection the particles of the fluid bodily move from high temperature region to 
low temperature region and vice-versa. 


Qd 


TTE, 


J m 


= — 2 
S m. 


=] S 1 т 1 pow 

3. The trapped air in wool fibres prevents body heat from escaping out and thus keeps 
the wearer warm. 

4. The coefficient of thermal conductivity is numerically equal to the amount of heat 
energy transferred in one second across the faces of a cubical slab of surface area 
1m? and thickness Im, when they are kept at a temperature difference of 1°C. 

5. During the day, land becomes hotter than water and air over the ocean is cooler than 
the air near the land. The hot dry air over the land rises up and creates a low pressure 
region. This causes see breeze because the moist air from the ocean moves to the 
land. Since specific thermal capacity of water is higher than that of sand, the latter 
gets cooled faster and is responsible for the reverse process during the night causing 


land breezes. 
12.2 
п 798 Wien's constant ' 


Temperature 


2. Hint: Because light colours absorb less heat. 
3. Hint: (a), T-S (b)r-oT' 
4. 66.4 үу. 


12.3 
| 


Solar constant x .area 
=2.7 x 10W 


Constant addition of CO, in air will increase greenhouse effect causing global warming 
due to which glaciers are likely to melt and flood the land mass of the earth. 


i ир ee A 
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Answers to Terminal Problem 
2. 7210K 

3. 71.6 x 50" W 

5. 4 x 105 kg 

9. 3:4 

17. 4:5 

18. 10.9 m °C"! W^, 0.298 W 


SENIOR SECONDARY COURSE 
Puysics 
STUDENT’S ASSIGNMENT — 3 


ee 
Maximum Marks: 50 Time : 1% Hours 
Mam ALL Уо ООо авара oie 
INSTRUCTIONS 


€ Answer All the questions on a seperate sheet of paper 
€ Give the following information on your answer sheet: 
Name 

Enrolment Number 

Subject 

Assignment Number 

Address 


© Get your assignment checked by the subject teacher at your study centre so that you get positive feedback 
about your performance. 


Do not send your assignment to NIOS 


l. At what temperature molecular motion ceases. (1) 
2. What is the type (kinetic/or potential) of internal energy of an ideal gas? (1) 
3. Why change in temperature of water from 14.5? C to 15.5? C is specified in defining one calorie? (1) 
4. At what temperature do the Celsius and Fahrenheit scales coincide? (1) 
5. Whatis indicated by the statement. “Internal energy is positive"? (1) 
^ State two reasons due to which all practical engines have an efficiency less than the carnot’s engine. 
1) 

7. Which diagram plays important role to explain the theory of heat engine? (1) 
8. Write the dimension of coefficient of thermal conductivity. (1) 
9. State two limitations of carnot's engine. (2) 
10. Every gas has two specific heats where as ea ch liquid and solid has only one specific value of specific 


heat, why? (2) 
П.А refrigerator transfers heat from the cooling coil at low temperature to the warm surroundings. Is it 
against the second law of thermodynamics? Justify your answer. (2) 


12. Two rods X and Y are of equal lengths. Each rod has its ends at temperature T, and T. respectively 


(T, > T,). What is the condition that will ensure equal rates of flow of heat through the rods X and d 


_dQ, _, KAAT Kast SA £] Ж. 
t A, 


——— d E a i re ^o NETS 


ВОНИ ттт 


13. State first law of thermodynamics. Figure shows three paths through which a gas can be taken from the 
state 1 to state 2. Calculate the work done by the gas in each of the three paths. (4) 


[Hint : Path 1 > 3 — 2 w,, + w,, = 0 + рлу = 0.455 


Path 1 4 => 2 w,, + Wo = рлу + 0=0.15t] 


10kPa 20kPa 30kPa 


Pressure — 
14. The P - V diagram of a certain process (carnot cycle) is reflected in figure a.Represent it on T-V and T- 
S diagrams. 


i (4) 
| ^ я 
d ДЫЙ 
А р C 
o — Volume (У) 
(a) 
Hint: 
& 
g & 
a 2 
E А 
$ 
ё È 
o $ Entropy (5) о — Volume (V) 
15. Differentiate between isothermal, adiabatic, isobaric and isochoric processes. (4) 


«` State ar і »xplain second law of thermodynamics. (4) 


. Briefly describe a carnot cycle and derive an expression for efficiency of this cycle. (5) 
24. 


. State Zeroth and first law of thermodynamics. Discuss the limitations of first law of thermodynamics. 


What 4}: ou mean by the following terms : 


(i) thermal conductivity ofa solid (ii) variable state of a metallic rod (iii) steady state of a matallic rod (iV) 
coefficient of thermal conductivity. 4 


What is a heat engine? Obtain an expression for its efficiency. Explain the workig principle ofa referigerat0™- 


Obtain an expression for its coefficient of performance. Also obtain a relation between coefficient 
performance of a refrigerator and efficiency of a heat engine. 


24+2+1=() 
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13. Simple Harmonic Motion 


14. Wave Phenomena 
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13 
SIMPLE HARMONIC MOTION 


Mu are now familier with motion ina straight line, projectile motion and circular motion. 
These are defined by the path followed by the moving object. But some objects execute 
motion which are repeated after a certain interval of time. For example, beating of heart, 
the motion of the hands ofa clock, to and fro motion of the swing and that of the pendulum 
of a bob are localised in space and repetitive in nature. Such a motion is called periodic 
motion. It is universal phenomenon. 


In this lesson, you will study about the periodic motion, particularly the oscillatory motion 
which we come across in daily life. You will also learn about simple harmonic motion. 
Wave phenomena — types of waves and their characteristics-form the subject matter of 
the next lesson. 


After studying this lesson, you should be able to : 

* show that an oscillatory motion is periodic but a periodic motion may not be 
necessarily oscillatory; 

* define simple harmonic motion and represent it as projection of uniform circular 
motion on the diameter of a circle; 

* derive expressions of time period of a given harmonic oscillator; 

® derive expressions for the potential and kinetic energies of a simple harmoic 
oscillator; and 


® distinguish between free, damped and forced oscillations. 


You may have observed a clock and noticed that the pointed end of its seconds hand and 
that of its minutes hand move around in a circle, each with a fixed period. The seconds 

and completes its journey around the dial in one minute but the minutes hand takes one 
hour to complete one round trip. However, a pendulum bob moves to and fro about a mean 
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position and completes its motion from one end to the other and back to its initial position 
ina fixed time. A motion which repeats itself after a fixed interval of time is called Periodic 
motion. There are two types of periodic motion : (i) non—oscillatory, and (ii) oscillatory, 
The motion of the hands of the clock is non-oscillatory but the to and fro motion of the 
pendulum bob is oscillatory. However, both the motions are periodic. It is important to note 
that an oscillatory motion is normally periodic but a periodic motion is not necessarily 
oscillatory. Remember that a motion which repeats itself in equal intervals of time is periodic 
and if it is about a mean position, it is oscillatory. 


We know that earth completes its rotation about its own axis in 24 hours and days and 
nights are formed. It also revolves around the sun and completes its revolution in 365 days. 
This motion produces a sequence of seasons. Similarly all the planets move around the 
Sun in elliptical orbits and each completes its revolution in a fixed interval of time. These 
are examples of periodic non-oscillatory motion. 


Jean Baptiste Joseph Fourier 
(1768 — 1830) 


French Mathematician, best known for his Fourier series to analysea 
complex oscillation in the form of series of sine and consine functions. 


Fourier studied the mathematical theory of heat conduction. He 
established the partial differential equation governing heat diffusion 
and solved it by using infinite series of trigonometric functions. 


Born as the ninth child from the second wife of a taylor, he was orphened at the age 
of 10. From the training as a priest, to a teacher, a revolutionary, a mathematician 
and an advisor to Nepolean Bonapart, his life had many shades. 


He was a contemporary of Laplace, Lagrange, Biot, Poission, Malus, Delambre, 
Arago and Carnot. Lunar crator Fourier and his name on Eiffel tower are tributes to 
his contributions. 


Activity-13.1 


Suppose that the displacement y of a particle, executing simple harmonic motion, is 
represented by the equation : 


y =аѕіп Ө (13.1) 
or y 7acos0 (132) 


From your book of mathematics, obtain the values of sin Ө and cos 0 for 0 = 0, 30°, 60, 
90°, 120°, 150°, 180°, 240°, 300°, 330° and 360°. Then assuming that а = 2.5cm, determine 
the values of y corresponding to each angle using the relation y = a sin 0. Choose : 
suitable scale and plot a graph between y and 0. Similarly, using the relation y ^4 cost, 
plotanother graph between y and Ө. You will note that both graphs represents an oscillation 
between +a and — a. It shows that a certain type of oscillatory motion can be represen 


by an expression containing sine or cosine of an angle or by a combination of such 
expressions. 


et ш °° °° ——_ 
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Now check your progress by answering the following questions. 


1. What is the difference between a periodic motion and an oscillatory motion? 
2. Which of the following examples represent a periodic motion? 


(i)A bullet fired from a gun, (ii) An electron revolving round the nucleus in an atom, 
(iii) A vehicle moving with a uniform speed on a road, (iv) Acomet moving around the 
Sun, апа (v) Motion of an oscillating mercury column in a U-tube. 


3. Give an example of (i) an oscillatory periodic motion and (ii)Non-oscillatory periodic 
motion. 


13.2. Simple Harmonie Motion : Circle of Reference 


The oscillations of a harmonic oscillator can be represented by terms containing sine and 
cosine of an angle. If the displacement of an oscillatory particle from its mean position can 
be represented by an equation y =a sinO or y = a cos or y= A sinO + B cos6, where a, 
A and В are constants, the particle executes simple harmonic motion. We define simple 
harmonic motion as under : 


A particle is said to execute simple harmonic motion if it moves to and fro about a 
fixed point periodically, under the action of a force Е which is directly proportional 
to its displacement x from the fixed point and the direction of the force is opposite to 
that of the displacement. We shall restrict our discussion to linear oscillations. 
Mathematically, we express it as 


F=-ke 


where k is constant of proportionality. 


Fig. 13.1 : Simple harmonic motion of P is along YOY’ 
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To derive the equation of simple harmonic motion, let us consider a point M moving witha 
constant speed v ina circle of radius a (Fig. 13.1) with centre O. At ¢=0, let the point be 
at X. The position vector OM specifies the position of the moving point at time г. It is 
obvious that the position vector OM, also called the phaser, rotates with a constant angular 
velocity о = v/a. The acceleration of the point M is 17/а = a œ? towards the centre O. At 
time ¢, the component of this acceleration along OY = aw? sin ox. Let us draw MP 
perpendicular to YOY’. Then P can be regarded as a particle of mass m moving with an 
acceleration aœ? sin wt. The force on the particle P towards О is therefore given by 


Е = maoy sin wt 


But sin wt = y/a. Therefore 
Е = moy (13.3) 
The displacement is measured from О towards Р and force is directed towards О. Therefore, 


Е =- moy 


Since this force is directed towards O, and is proportional to displacement ‘y’ of P from 0,’ 
we can say that the particle P is executing simple harmonic motion. 


Let us put mo? = k, a constant. Then Eqn. (13.3) takes the form 
Е --ky (134) 


The constant k, which is force per unit displacement, is called |force constant. The angular 
frequency of oscillations is given by 


o? =k/m (13.5) 


In one complete rotation, OM describes an angle 27 and it takes time T to complete one 
rotation. Hence 
© =2n/T (13.6) 


On combining Eqns. (13.5) and (13.6), we get an expression for time period : 


T -2n kim (13.7) 


This is the time taken by P to move from O to Y, then through О to Y' and back to 0. 
During this time, the particle moves once on the circle and the foot of perpendicular from 
its position is said to make an oscillation about O as shown in Fig.13.1. 


Let us now define the basic terms used to describe simple harmonic motion. 


13.2.1 Basic Terms Associated with SHM 


| Displacement is the distance of the harmonic oscillator from its mean (or equilibrium) 
position at a given instant. 


Amplitude is the maximum displacement of the oscillator on either side of its mean position. 


_ Time period is the time taken by the oscillator to complete one oscillation. In Fig. 13-1, 
| OP. and OY respectively denote displacement and amplitude. 


| Frequency is the number of oscillations completed by an oscillator in one second. It is 
denoted by v. The SI unit of frequency is hertz (symbol Hz). Since v is the number of 


et neha eee = ———4 
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oscillations per second, the time taken to complete one oscillation is 1/v. Hence T=1/v or 
у= (1/Т) `!. As harmonic oscillations can be represented by expressions containing ѕіпӨ 
and or cos6, we introduce two more important terms. .- 


Phase ф is the angle whose sine or cosine at a given instant indicates the position and 
direction of motion of the oscillator. It is expressed in radians. 


Angular Frequency ® describes the rate of change of phase angle. It is expressed in 
radian per second. Since phase angle ф changes from 0 to 27 radians in one complete 
oscillation, the rate of change of phase angle is o = 2z/T = 2л v or œ = 2nv. 


[Example 13.1 : A tray of mass 9 kg is supported by a spring of force constant k as 
shown in Fig. 13.2. The tray is pressed slightly downward and then released. It begins to 
execute SHM of period 1.0s. When a block of mass M is placed on the tray, the period 
increases to 2.0s. Calculate the mass of the block. 


Solution: The angular frequency of the system is given by = Mk / m , where m is ће 
mass of the oscillatory system. Since œ = 27/7, from Eqn. (13.7) we get 


2T? = k 

4n = 5 M. 
kT? 

М кн. 


When the tray is empty, m = 9Кр and T= 1s.Therefore 


X) 


9 2 
4л Fig. 13.2 


On placing the block, т = 9 + Mand T = 2s. Therefore, 9 + M= k x (2/41? 


From the above two equations we get 
9+M) 
QM, 4 


Я ed 


[Example 13.2 : A spring of force constant 1600 N m" is mounted on a horizontal table 
as shown in Fig. 13.3. A mass m = 4.0 kg attached to the free end of the spring is pulled 
horizontally towards the right through a distance of 4.0 cm and then set free. Calculate (i) 
the frequency (ії) maximum acceleration and (iii) maximum speed of the mass. 


EE o= уйт 74894 {пг A 


Fig. 13.3 


Therefore, M = 27kg. 


= 20rad s`. 


Therefore у = 20/2 = 3.18 Hz. Maximum acceleration = a œ? = 0.04 x 400 = 16 m vc] 
and v= ав = 0.04 x 20=0.8ms". 


In order to clarify the concept of SHM, some very common examples are given below, 
13.3.1 Horizontal Oscillations of a Spring-Mass System 


Consider a elastic spring of force constant k placed on a smooth horizontal surface and 
attached to a block P of mass m. The other end of the spring is attached to a rigid wall (Fig. 
13.4)). Suppose that the mass of the spring is negligible in comparison to the mass of the 
block. j » 


Fig.13.4 : Oscillations of a spring-mass system 


Let us suppose that there is no loss of energy due to air resistance and friction. We 
choose x-axis along the horizontal direction. Initially, that is, at г = 0, the block is at 
rest and the spring is in relaxed condition [Fig.13.4(i)]. It is then pulled horizontally 
through a small distance [Fig. 13.4 (ii)]. As the spring undergoes an extension х, it 
exerts a force kx on the block. The force is directed against the extension and tends 
to restore the block to its equilibrium position. As the block returns to its initial position 
[Fig. 13.4 (iii)], it acquires a velocity v and hence a kinetic energy К = (1/2) m vi: 
Owing to inertia of motion, the block overshoots the mean position and continues 
moving towards the left till it arrives at the position shown in Fig. 13.4 (iv). In this 
position, the block again experiences a force kx which tries to bring it back to the 
initial position [Fig. 13.4 v]. In this way, the block continues oscillating about the 
mean position. The time period of oscillation is 27 Jm/k , where k is the force per 
unit extension of the spring. 


13.3.2 Vertical Oscillations of a Spring- 
Mass System 


Let us suspend a spring of force constant k from a rigid 
support [Fig.13.5(a)]. Then let us attach a block of mass 
m to the free end of the spring. As a result of this, the 
spring undergoes an extension, say / [Fig.13.5(b)]. 
Obviously, the force constant of the spring is k= mg/l. Let _. 2 illations 
us now pull down the block through a small зун y TE Vertes og di 
(Fig.13.5 (c)j. A force ky acts on the block vertically system 


upwards. Therefore, on releasing the block, the force ky pulls it upwards. As the block 
returns to its initial position, it continues moving upwards on account of the velocity it has 
gained. It overshoots the equilibrium position by a distance y. The compressed spring now 
applies on it a restoring force downwards. The block moves downwards and again 
overshoots the equilibrium position by almost the same vertical distance y. Thus, the system 
continues to execute vertical oscillations. The angular frequency of vertical oscillations is 
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2n k 
о =>=,/— 


T, m 


Hence, T =2n E (13.8) 


This result shows that acceleration due to gravity does not influence vertical oscillations 
of a spring-mass system. 


Galileo Galilei 
(1564-1642) 


Son of Vincenzio Galilei, a wool merchant in Pisa, Italy, Galileo is 
credited for initiating the age of reason and experimentation inmodern 
science. As a child, he was interested in music, art and toy making. 
Asa young man, he wanted to become a doctor. To pursue the study 
of medicine, he entered the University of Pisa. It was here that he 
made his first discovery - the isochronosity of a pendulum, which led Christian Huygen 
to construct first pendulum clock. 


For lack of money, Galileo could not complete his studies, but through his efforts, he 
learnt and developed the subject of mechanics to a level that the Grand Duke of 
Tuscany appointed him professor of mathematics at the University of Pisa. 


Galileo constructed and used telescope to study celestial objects. Through his 
observations, he became convinced that Copernican theory of heliocentric universe 
was correct. He published his convincing arguments in the form of a book, “A Dialogue 
On The Two Principal Systems of The World”, in the year 1632. The proposition 
being at variance with the Aristotelian theory of geocentric universe, supported by 
the Church, Galileo was prosecuted and had to apologize. But in 1636, he published 4 
another book “Dialogue On Two New Sciences” in which he again showed the 


fallacy in Aristotle’s laws of motion. 
Because sophisticated measuring devices were not available in Galileo’s time, he 


had to apply his ingenuity to perform his experiments. He introduced the idea of 
thought-experiments, which is being used even by modern scientists, in spite of all 


their sophisticated devices. 
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13.3.3 Simple Pendulum 


A simple pendulum is a small spherical bob 

suspended by a long cotton thread held 

between the two halves of a clamped split 

cork in a stand,as shown in Fig. 13.6. The 

bob is considered a point mass and the string 

is taken to be inextensible. The Pendulum 
\ can oscillate freely about the point of 
Ep suspension. 


When the pendulum is displaced through а 
small distance from its equilibrium position, 
"£959 and then let free, it executes angular 
oscillations in a vertical plane about its 
equilibrium position. The distance between the 
point of suspension and the centre of gravity 
ofthe bob defines the length ofthe pendulum. The forces acting on the bob of the pendulum 
in the displaced position shown in Fig. 13.6 are : (i) the weight of the bob mg vertically 
downwards, and (і) tension in the string T acting upwards along the string. 


Fig.13.6 : Simple Pendulum 


The weight mg is resolved in two components : (a) mg cos® along the string but opposite 
to T and (b) mg sin perpendicular to the string. The component mg соѕ0 balances the 
tension T and the component mg sin produces acceleration in the bob in the direction of 
the mean position. The restoring force, therefore, is mg sin0. For small displacement x of 
the bob, the restoring force is F = mg = mg x/l. The force per unit displacement 


К = mg/l and hence 
k 
a «dE - [mg/l - E 
m m 1 


Measuring Weight using a Spring 


We use a spring balance to measure weight of a body. It is based on the assumption 
that within a certain limit of load, there is equal extension for equal load, i.e., load/ 
extension remains constant (force constant). Therefore, extension varies linearly 
with load. Thus you can attach a linear scale alongside the spring and calibrate it for 
known load values. The balance so prepared can be used to measure unknown 
weights. 


Will such a balance work ina gravity free space, as in a space-rocket or ina satellite? 
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Obviously not becuase in the absence of gravity, no 
extension occurs in the spring. Then how do they 
measure mass of astronauts during regular health 
check up? It is again a spring balance based on a 
different principle. The astronaut sits on a special 
chair with a spring attached to each side (Fig. 13.7). 
The time period of oscillations of the chair with and 
without the astronaut is determined with the help of an electronic clock : 


Fig. 13.7 : Spring balance for 
measuring the mass 
ofan astronaut 


4nm 
k 


where m is mass of the astronaut. If m, is mass of the chair, we can write 


т. 


4n^m, 
k 


T, is time period of ocillation of the chair with the astronaut and 7, without the 
astronaut. 


Ty = 


On subtracting one from another, we get 


4r? 
ы, (ү Pp Ир) 


k 2 2 
=> m= а -h)tm, 


Because the values of T, and К are fixed and known, a measure of T, itself shows 
the variation in mass. 


[Example 13.3 : Fig. 13.8 shows an oscillatory system comprising two blocks of masses 

m, and m, joined by a massless spring of spring constant K. The blocks are pulled apart, 
each with a force of magnitude F and then released. Calculate the angular frequency of 
each mass. Assume that the blocks move on a smooth horizontal plane. 


Solution : Let x, and x, be the displacements m, 2 


ofthe blocks when pulled apart. The extension «*drpvvevvc| b 


Produced in the spring is x, + x, Thus the — Р 

acceleration of m, is k (x, + x)ym, and Fig. 13.8: Oscillatory system of masses 
t ; 

acceleration of m, ўя k(x, + x,)/m,, Since the ee 

Same spring provides the restoring force to each mass, hence the net acceleration of the 


system comprising of the two masses and the massless spring equals the sum of the 
acceleration produced in the two masses. Thus the acceleration of the system is 


kata) _ kx 
(Rm) 
Nen nin. 
MS бш 
Where x = x, + x, is the extension of the spring and p is the reduced mass of the system. 
The angular frequency of each mass of the system is therefore, 


MODULE - 40 ris ot у у 


Oscillations and Waves 


o = „ЈЕ (13.10) 


Such as analysis helps us to understand the vibrations of diatomic molecules like н, | 
Cl,, НСІ, etc. 


Intext Questions 13.2 


1. Asmall spherical ball of mass m is placed in contact with the sunface on a smooth 
spherical bowl of radius r a little away from the bottom point. Calculate the time 
period of oscillations of the ball (Fig. 13.9). 


Fig. 13.9 Fig.13.10 Fig. 13.11 


2. А cylinder of mass m floats vertically in a liquid of density p. The length of the 
cylinder inside the liquid is /. Obtain an expression for the time period of its oscillations 
(Fig. 13.10). 


3. Calculate the frequency of oscillation of the mass m connected to two rubber bands 
as shown in Fig. 13.11. The force constant of each band is k. (Fig. 13.11) 


13.4. Energy ‘of:Simple Harmonic Oscillator 
As you have seen, simple harmonic motion can be represented by the equation 
y =asin ot (13.11) 
When t changes to t + A /, y changes to y + Ay. Therefore, we can write 
у + А у= азїпө (t+ Ar) = a sin (of + wAt) 
=a [singt cos oAt + cosot sin oA/] 
As At — 0, cos @At — 1 and sin o At > о At. Then 
y + Ay =a sin ot + а @At cos ot. (13.12) 


Subtracting Eqn. (13.11) from Eqn. (13.12), we get 


Ay = At Фа cos ot 


b Em P 
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so that Ay/At = wa cos wf 
or U =a cost ot (13.13) 


where v= Ay/At is the velocity of the oscillator at time ¢. Hence, the kinetic energy of the 
oscillator at that instant of time is К = (1/2) mv! = (1/2) ога cos? œt (13.14) 


Let us now calculate the potential energy of the 
oscillator at that time. When the displacement is 
y, the restoring force is ky, where К is the force 
constant. For this purpose we shall plot a graph 
of restoring force ky versus the displacement y. | 
We get a straight line graph as shown in Fig. PQ ky 


| pae 
O 


13.12. Let us take two points P and Q and drop 
perpendiculars PM and QN on x-axis. As points 
P and Q are close to each other, trapezium 


О MN B у 
PQNM can be regarded as a rectangle. The area poy 
of this rectangular strip is (ky Ay). This area Fig.13.12: Graph between the 
equals the work done against the restoring force displacement y and the 


ky when the displacement changes by a small restoring force ky 
amount Ay. The area of the triangle OBC is, 
therefore, equal to the work done in the time displacement changes from O to OB (= y) = 


1 
2 ky. This work done against the conservative force is the potential energy U of the 


oscillator. Thus, the potential energy of the oscillator when the displacement is y is 
U= = ку? 
тд 
But o? = k/m. Therefore, substituting k= то? in above expression we get 
U Pa 
= — mo” 
2 т 


Further as у = а sin œt, we can write 


1 
U= 2 mo sint (13.15) 
On combining this result with Eqn. (13.14), we find that total energy of the oscillator atany |j 
Instant is given by 
E=U+K 


1 
= 2 moa’ (siot + cos^ot) 


та? (13.16) 
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Fig.13.13: Variation of potential energy U, 
kinetic energy K, and total energy E 
with displacement from equilibrium 
position 


[C^ тием Questions 133) 


damped oscillations perform activity 13.2. 


S 


yO 


(a) 
Fig. 13.14 : Damped vibrations : (a) experimental setup; (b) graphical representation 


The graph of kinetic energy K, potential 
energy U and the total energy E versus 
displacement y is shown in Fig. 13.13, From 
the graph it is evident that for y=0, K - E 
and U = 0. As the displacement y from 
the mean position increases, the kinetic 
energy decreases but potential energy 
increases. At the mean position, the 
potential energy is zero but kinetic energy 
is maximum. At the extreme positions, the 
energy is wholly potential. However, the 
sum K + U = E is constant. 


1. 15 the kinetic energy ofa harmonic oscillator maximum at its equilibrium position orat 
the maximum displacement position? Where is its acceleration maximum? 


2. Why does the amplitude of a simple pendulum decrease with time? What happens to 
the energy of the pendulum when its amplitude decreases? 


Damped Harmonic Oscillations 


Every oscillating system normally has a viscous medium surrounding it. Asa result in each 
oscillation some of its energy is dissipated as heat. As the energy of oscillation decreases 
the amplitude of oscillation also decreases. The amplitude of oscillations of a pendulum in 
air decreases continuously. Such oscillations are called damped oscillations. To understand 


t (s) 


(b) 


Activity 13.2 


Take a simple harmonic oscillator comprising a metal block B suspended from a fixed 
support S by a spring С. (Fig. 13.14(a). Place a tall glass cylinder filled two thirds with 
water, so that the block is about 6 cm below the surface of water and about the same 
distance above the bottom of the beaker. Paste a millimetre scale (vertically) on the side 
of the cylinder just opposite the pointer attached to the block. Push the block a few 
centimetres downwards and then release it. After each oscillation, note down the uppermost 
position ofthe pointer on the millimetre scale and the time. Then plot a graph between time 
and the amplitude of oscillations. Does the graph [Fig. 13.14 (b)] show that the amplitude 
decreases with time. Such oscillations are said to be damped oscillations. 


13.6 Free and Forced Vibrations : Resonance 


To understand the difference between these phenomena, let us perform the following 
activity : 


Activity 13.3 


Take a rigid horizontal rod fixed at both ends. 
Tiea loose but strong thread and hang the four 
pendulums A,B,C,D, as shown in Fig. 13.15. 
The pendulums A and B are of equal lengths, 
Whereas C has a shorter and D has a longer 
length than A and B. The pendulum B has a A В D 

heavy bob. Set pendulum B into oscillations. Fig. 13.15: Vibrations and resonance. 
You will observe that after a few minutes, the 

other three pendulums also begin to oscillate. (It means that if a no. of oscillators are 
coupled, they transfer their energy. This has an extremely important implication for wave 
Propagation.) You will note that the amplitude of A is larger. Why? Each pendulum is an 
oscillatory system with natural frequency of its own. The pendulum B, which has a heavy 
bob, transmits its vibrations to each of the pendulums A, C and D. As a consequence, the. 
Pendulums С and D are forced to oscillate not with their respective natural frequency 
but with the frequency of the pendulum B. The phenomenon is called forced oscillation. 
By holding the bob of any one of these pendulums, you can force it to oscillate with the 
frequency of C or of D. Both C and D are forced to oscillate with the frequency of B. 
However, pendulum A on which too the oscillations of the pendulums B are impressed, 
oscillates with a relatively large amplitude with its natural frequency. This phenomenon 
I5 known as resonance. 


When the moving part of an oscillatory system is displaced from its equilibrium position 
and then set free, it oscillates to and fro about its equilibrium position with a frequency that 
depends on certain parameters of the system only. Such oscillations are known as free 
vibrations, The frequency with which the system oscillates is known as natural frequency. 

hen a body oscillates under the influence of an external periodic force, the oscillations 
аге called forced oscillations. In forced oscillations, ће body ultimately oscillates 


St ee ee И 
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with the frequency of the external force. The oscillatory system on which the oscillations 
are impressed is called driven and the system which applies the oscillating force is known 
as the driver. The particular case of forced oscillations in which natural frequencies of the 
driver and the driven are equal is known as resonance. In resonant oscillations, the driver 
and the driven reinforce each other’s oscillations and hence their amplitudes are maximum. 


i: 


When the stem ofa vibrating tuning fork is pressed against the top of a table, a loud 
sound is heard. Does this observation demonstrate the phenomenon of resonance or 
forced vibrations? Give reasons for your answer. What is the cause of the loud sound 
produced? 


Why are certain musical instruments provided with hollow sound boards or sound 
boxes? 


Mysterious happenings and resonance 


1.Tacoma Narrows Suspension Bridge, Washington, USA collapsed during a storm 
within six months of its opening in 1940. The wind blowing in gusts had frequency 
equal to the natural frequency of the bridge. So it swayed the bridge with increasing 
amplitude. Ultimately a stage was reached where the structure was over stressed 
and it collapsed. 


The events of suspension bridge collapse also happened when groups of marching 
soldiers crossed them. That is why, now, the soldiers are ordered to break steps 
while crossing a bridge. 


The factory chimneys and cooling towers set into oscillations by the wind and 
sometimes get collapsed. 


2.You might have heard about some singers with mysterious powers. Actually, no 
such power exists. When they sing, the glasses of the window panes in the auditorium 
are broken. They just sing the note which matches the natural frequency of the 
window panes. 


3.You might have wondered how you catch a particular station you are interested in 
by operating the tuner of your radio or TV? The tuner in fact, is an electronic oscillator 
with a provision of changing its ‘frequency. When the frequency of the tuner matches 
the frequency transmitted by the specific station, resonance occurs and the antenna 
catches the programme broadcasted by that station. 


Periodic motion is a motion which repeats itself after equal intervals of time. 


e Oscillatory motion is to and fro motion about a mean position, An oscillatory motion is 
normally periodic but a periodic motion may not necessarily be oscillatory. 


Simple harmonic motion is to and fro motion under the action of a restoring force, 
which is proportional to the displacement of the particle from its equilibrium position 
and is always directed towards the mean position. 


* Time period is the time taken by a particle to complete one oscillation. 
* Frequency is the number of vibrations completed by the oscillator in one second. 


* Phase angle is the angle whose sine or cosine at the given instant indicates the position 
and direction of motion of the particle. 


* Angular frequency is the rate of change of phase angle. Note that о = 2л/Т = 2xv 
where o is the angular frequency in rads“, v is the frequency in hertz (symbol : Hz) 
and T is the time period in seconds. 


* Equation of simple harmonic motion is 
y =asin (ot * 6) 
or y =a cos (ot + ф,) 
Where y is the displacement from the mean position at a time, 9, is the initial phase 
angle (at г = 0). 


* When an oscillatroy system vibrates on its own, its vibrations are said to be free. If, 
however, an oscillatory system is driven by an external system, its vibrations are said 
to be forced vibrations. And ifthe frequency ofthe driver equalsto the natural frequency 
Of the driven, the phenomenon of resonance is said to occur. 


mw Terminal Exercise 


l. Distinguish between a periodic and an oscillatory motion. 
2. Whatis simple harmonic motion? 


3. Which of the following functions represent (i) a simple harmonic motion (ii) a periodic 
but not simple harmonic (iii) anon periodic motion? Give the period of each periodic 
Motion, 


(П) зіп ог+ соѕог (2) 1+ @?+ ot 
т 
(3)3 cos (ог —) 
4 
^. The time period of oscillations of mass 0.1 kg suspended from a Hooke’s spring is 15. 


Calculate the time period of oscillation of mass 0.9 kg when suspended from the same 
Spring, 


EM — —— ^ 
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12. 


13. 


14. 


What is phase angle? How is it related to angular frequency? 

Why is the time period of a simple pendulum independent of the mass of the bob, 
when the period of a simple harmonic oscillator is T= 2n m! k ? 

When is the magnitude of acceleration of a particle executing simple harmonic motion 
maximum? When is the restoring force maximum? 


Show that simple harmonic motion is the projection of a uniform circular motion ona 
diameter of the circle. Obtain an expression for the time period of a simple harmonic 
oscillator in terms of mass and force constant. 


. Obtain expressions for the instantaneous kinetic energy potential energy and the total 


energy of a simple harmonic oscillator. 


. Show graphically how the potential energy U, the kinetic energy K and the total energy 


E ofa simple harmonic oscillator vary with the displacement from equilibrium position. 


. The displacement of a moving particle from a fixed point at any instant is given by 


х= асоѕ ot + b sin ox. Is the motion of the particle simple harmonic? If your answer 
is no, explain why? If your answer is yes, calculate the amplitude of vibration and the 
phase angle. 


A simple pendulum oscillates with amplitude 0.04m. If its time period is 10s, calculate 
the maximum velocity. 


Imagine a ball dropped in a frictionless tunnel cut across the earth through 1s centre. 
Obtain an expression for its time period in terms of radius of the earth and the 
acceleration due to gravity. 


Fig. 13.16 shows a block of mass m = 2kg connected 
to two springs, each of force constant k = 400Nmr'. 
The block is displaced by 0.05m from equilibrium 


position and then released. Calculate (a) The angular Fig.13.16 
frequency c of the block, (b) its maximum speed; | 
(с) its maximum acceleration; and total energy dissipated against damping when it 
comes to rest. 


Answers to Intext Questions 


13.1 


Amotion which repeats itself after some fixed interval of time is a periodic motion. A 
to and fro motion on the same path is an oscillatory motion. A periodic motion may of 
may not be oscillatory but oscillation motion is perodic. 


(ii), (iv), (v); 
(i) To and fro motion of a pendulum. 


(ii) Motion of a planet in its orbit. 
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13.2 


1. Return force on the ball when displaced a distance x from the equilibrium position is 
mg sin 0 = mg0 = mgxr. -.@=Jg/r. 


2. On being pushed down through a distance y, the cylinder experiences an upthrust 


о 
yapg. Therefore o? T and m = app. From the law of flotation т = mass of 


black. Hence, œ? = g/l or T7 2л JI/g . 


3. 02 = k/m and hence v = 1/27 Jk / m . Note that when the mass is displaced, only one 
of the bands exerts the restoring force. 


13.3 


1. К.Е is maximum at mean position or equilibrium position; acceleration is maximum 
when displacement is maximum. 


2. As the pendulum oscillates it does work against the viscous resistance of air and 
friction at the support from which it is suspended. This work done is dissipated as 
heat. As a consequence the amplitude decreases. 


13.4 


1. When an oscillatory system called the driver applies is periodic of force on another 
oscillatory system called the driven and the second system is forced to oscillate with 
the frequency of the first, the phenomenon is known as forced vibrations. In the 
particular case of forced vibrations in which the frequency of the driver equals the 
frequency of the driven system, the phenomenon is known as resonance. 


2. The table top is forced to vibrate not with its natural frequency but with the frequency 
of the tuning fork. Therefore, this observation demonstrates forced vibrations. Since a 
large area is set into vibrations, the intensity of the sound increases. 


3. The sound board or box is forced to vibrate with the frequency of the note produced 
by the instrument, Since a large area is set into vibrations, the intensity of the note 


Produced increases and its duration decreases. 


Answers to Terminal Problems 
4.35 


П.А= уа? “Fo=tan"() 


2 
2. —x102 ms"! 
xU ms 


14. (a) 14.14 5-' (b) 0.6 ms? (c) 03 ms? (d) 0.57 
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14 
WAVE PHENOMENA 


Y. would have noticed that when a stone is dropped into still water in a pond, concentric 

rings of alternate elevations and depressions emerge out from the point of impact and 
spread out on the surface of water. If you put a straw piece on the surface of water, you 
will observe that it moves up and down at its place. Here the particles of water are 
moving up and down at their places. But still there is something which moves 
outwards. We call it a wave. Waves are of different types : Progressive and stationary, 
mechanical and electro-magnetic. These can also be classified as longitudinal and trnsverse 
depending on the direction of motion of the material particles with respect to the direction 
of propagation of wave in case of mechnical waves and electric and magnetic vectors in 
case of e.m. waves. Waves are so intimate to our existance. 


Sound waves travelling through air make it possible for us to listen. Light waves, which 
can travel even through vacuum make us see things and radio waves carrying different 
signals at the speed of light connect us to our dear ones through differents forms of 
communication. In fact, wave phenomena is universal. 


The working of our musical instruments, radio, T.V require us to understand wave 
phenomena. Can you imagine the quality of life without waves? In this lesson you will 
study the basics of waves and wave phenomena. 


Э) Objectives 


After studying this lesson, you should be able to : 


€ explain propagation of transverse and longitudinal waves and establish the 
relation v = vA; 


e write Newton’s formula for velocity of longitudinal waves in a gas and explain 
Laplace 5 correction; 


© discuss the factors on which velocity of longitudional waves in a gas depends: 


^? explain formation of transverse waves on stretched strings; 


e derive the equation of a simple harmonic wave; 
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e explain the phenomena of beats, interference and phase change of waves оп Oscillations and Waves 


the basis of principle of superposition 


e explain formation of stationary waves and discuss harmonics of organ pipes 
and stretched strings; 


e discuss Doppler effect and apply it to mechanical and optical systems; 
e explain the properties of em waves, and 


e state wavelength range of different parts of em spectrum and their applications. 


14.1 Wave Propagation 


From the motion of a piece of straw, you may think that waves carry energy; these do not 
transport mass. A vivid demonstration of this aspect is seen in tidel waves. Do you recall 
the devastation caused by Tsunami, waves which hit Indonesia, Thailand, Sri lanka and 
India caused by a deep sea quake waves of, 20m height were generated and were 
responsible for huge loss of life. 


To understand how waves travel in a medium let us perform an activity. 


Activity 14.1 


Take a long coil spring, called slinky, and stretch it 

ent ae alonga smooth floor or bench, keeping one end fixed 
(a) and the other end free to be given movements . Hold 

the free end in your hand and give it a jerk side- 


ways.[Fig 14.1(a)]. You will observe that a kink is 
produced which travels towards the fixed end with 


definite speed . This kink is a wave of short duration. 


Аа Me Keep moving the free end continuously left and right. 
You will observe a train of pulses ravelling towards 
© the fixed end. This is a transverse wave moving 

Fig. 14.1: Wave motion onaslinky through the spring [Fig. 14.1 (b)]. 


(a) pulse on a slinky, 
(b) transversewave,and · There is another type of wave that you can generate 


(c) longitudinal Wave in the slinky . For this keep the slinky straight and 

give ita push along its length . A pulse of compression 

thus moves on the spring. By moving the hand backwards and forwards at a constant rate 

You can see ulternate compressions and rarefactions travelling along its length . These 
are called longitudinal waves Fig. 14.1(c)]. 


14.1.1 Propagation of Transverse Waves 


Refer to Fig 14.2. It showsa mechanical model for wave propapation. It comprises a Tow 
Of spherical balls of equal masses, evenly spaced and connected together by identical 
Springs. Let us imagine that by means of suitable device, ball-1, from left, is made to 
execute S.H.M. in a direction perpendicular to the row of balls with a period T. All the 
balls, owing to inertia of rest will not begin to oscillate at the same time, The motion is 


SSS ч 


MODULE - 4 


Oscillations and Waves 


T 

(c) bod 
3T 

(4) Eg. 
I 

(e) = 2 
5T 

(f A ы —. * 
: A E 
7T 

(h) =u 
(i) t=T 


Fig. 14.2 : Instantaneous profiles at intervals of T/8 when a transverse wave is generated on a string. 


passed on from one ball to the next one by one. Let us suppose that the time taken by the 
disturbance to travel from one ball to the next is 7/85. This means that in the interval 7/85, 
the disturbance propagates from the particle at mark 1 to the particale at mark 2. Similarly, 
in the next 7/8 interval, the disturbance travels from the particle at mark 2 to the particle at 
mark 3 and so on. In parts (a)—{i) in Fig. 14.2 we have shown the instantaneous positions 
of particles at all nine marked positions at intervals of 7/8. (The arrows indicate the directions 
of motion along which particles at various marks are about to move.) You will observe that 


(i) At £ = 0, all the particles are at their respective mean positions. 


(ii) At / = T, the first, fifth and ninth particles are at their respective mean positions. The 
first and ninth particles are about to move upward whereas the fifth particle is about t0 
move downward. The third and seventh particles are at position of maximum displacement 
but on opposite sides of the horizontal axis. The envelop joining the instantaneous positions 
of all the particles at marked positions in Fig. 14.2(a) are similar to those in Fig. 14.2(i) and 


EN ^ ^ сс 


represents a transverse wave. The positions of third and seventh particles denote a trough Oscillations and Waves 
and a crest, respectively. 


The important point to note here is that while the wave moves along the string, all 
particles of the string are oscillating up and down about their respective equilibrium 
positions with the same period (T) and amplitude (A). This wave remains progressive 
till it reaches the fixed end. 


In a wave motion, the distance between the two nearest particles vibrating in the 
same phase is called a wavelength. It is denoted by А. 


It is evident that time taken by the wave to travel a distance А is T. (See Fig. 14.2). 
Therefore, the velocity of the wave is 


_ Distance _ A m 
еа d 
But, 1/T= v, the frequency of the wave. Therefore, 
о =уй (142) 


Further, if two consecutive particles їп same state of motion are separated by a distance A, 
the phase difference between them is 27. Therefore, the phase change per unit distance 
pd (143) 
"s р 
We call k the propagation constant. You may recall that œ denotes phase change per unit 
time. But the phase change in time T is 2x hence 
2x 
T 
Dividing Eqn. (14.3) by Eqn. (14.4), we get an expression for the wave velocity : 


о = = 27у (14.4) 


Ф 2nv 
UT 2n 
or DES (14.5) 


Let us now explain how the logitudinal waves propagate. 


14.1.2 Propagation of a Longitudinal Wave 
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In longitudinal waves, ++ — ——a4—— 
the displacement of =p 

particles is along the (b 

direction of wave 
propagation In Fig. 14.3, 
the hollow circles 
represent the mean 
positions of equidistant 
particles in a medium. 
The arrows show their 
(rather magnified) longitudinal displacements at a given time. You will observe that the 
arrows are neither equal in length nor in the same direction. This is clear from the position 
of solid circles, which describe instantaneous positions of the particles corresponding to 
the heads of the arrows. The displacements to the right are shown in the graph towards + 
y-axis and displacements to the left towards the —y-axis. 


Fig. 14.4: Longitudinal waves оп a spring are analogous 
to sound waves. 


For every arrow directed to the right, we draw a proportionate line upward. Similarly, for 
every arrow directed to the left, a proportionate line is drawn downward. On drawing а 
smooth curve through the heads of these lines, we find that the graph resembles the 
displacement-time curve for a transverse wave. If we look at the solid circles, we note 
that around the positions A and B, the particles have crowded together while around the 
position C, they have separated farther. These represent regions of compression and 
rarefaction. That is, there are alternate regions where density (pressure) are higher and 
lower than average.A sound wave propagating in air is very similar to the longitudinal 
waves that you can generate on your spring (Fig. 14.4). 


Let us now derive equation of a simple harmonic wave. 


14.1.3 Equation of a Simple Harmonic Wave in One Dimension 
Y 


Fig. 14.5: Simple harmonic wave travelling along x-direction 


Let us consider a simple harmonic wave propagating along OX (Fig. 14.5). We assume 
that the wave is transverse and the vibrations of the particle are along YOY’. Let us 
represent the displacement at 7 = 0 by the equation 


y =аѕіп ot (146) 
Then the phase of vibrations at that time at the point Р lags behind by a phase, say ф. Then 

y =asin (ot – >) (147) 
Let us put OP = x. Since phase change per unit distance is k, we can write ф = А. Hence, 
Eqn. (14.7) take the form уф, t) =a sin (ot — kx) (148) 
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Further as o = 2n/t and k = 2n/A, we can rewrite Eqn (14.8) as 


t 


y (x, 0 = asin 2n (5-2 
In terms of wave velocity (u = A/T), this equation can be expressed as 
eae 
y =asin n (vt- x) 


In deriving Eqn. (14.8) we have taken initial phase of the wave at O as zero. However, if 
the initial phase angle at О is ф, the equation of the wave would be 


y (x,t) = а sin [(®/ — kx) + 6j] 


Phase difference between two points on a wave 


Let us consider two simple harmonic waves travelling along OX and represented by the 


equations 


y =a sin (ot — kx) 
and y =a sin [ot — k (x + Ax)] 


The phase difference between them is 


22 27 
Аф = kAx= —— Ах =- > (7X) 


À 


where Ax is called the path difference between these two points. Here the negative sign 
indicates that a point positioned later will acquire the same phase at a later time. 


Phase difference at the same position over a time interval Af : 
We consider two waves at the same position at a time interval At. For the first wave, 


phase 9, is given by 


2n 
pia 
and for the another wave phase 
2x 2n 
& T py 


The phase difference between them 


2 
A676; -@ i 7 (2-1) 
= 2nv (t, - {). 


= 2nv(At) 


(14.9) 


(14.10) 


(14.11) 


(14.8) 


(14.12) 


X (14.13) 


| [14.13()] 
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[Example 14.1 : A progressive harmonic wave is given by y = 10~ sin (1007 — 0. 1x). 
Calculate its (1) frequency, (ii) wavelength and (iii) velocity y and x are in metre. 


Solution: comparing with the standard equation of progressive wave 


as (= =) 
y-Asin | n 


we get (i) 27у = 100 x — у= 50 Hz 
MR 
a> =0.1 rn > 4}=20m 
(iii) v = vA = 1000 ms" _| 


14.1.4 Transverse and Longitudinal Waves 


We now consider transverse and longitudinal waves and summerise the difference between 
them. 


Transverse waves Longitudinal waves 


(i) Displacements of the particles _ (i) Displacements of the particles are along 
are perpendicular to the direction the direction of propagation 
of propagation of the wave. of the wave. 

(ii) | Transverse waves look as crests (ii) ^ Longitudinal waves give the 
and troughs propagating in the appearance of alternate compressions 
medium. and rarefaction moving forward. 

(ii) Transverse waves can only be (ii) Longitudinal waves can travel in 
transmitted in solids or on the solids, liquids and gases. 
surface of the liquids. | 

(iv) In case of a transverse wave, (iv) In case of longitudinal waves, the 
the displacement - distance graph graph only represents the 


gives the actual picture of the wave displacement of the particles at 
itself. different points at a given time. 


Essential properties of the medium for propagation of longitudinal and transverse 
mechanical waves are: (i) the particles ofthe medium must possess mass, (ii) the medium 
must possess elasticity. Longitudinal waves for propagation in a medium require volume 
elasticity but transverse waves need modulus of rigidity. However, light waves and other 
electromagnetic waves, which are transverse, do not need any material medium for their 
propagation. 


l. State the differences between longitudinal and transverse waves? 


2. Write the relation between phase difference and path difference. 


y, = asin [(@t— kx) + ф]. What is the phase difference between these two waves? 


14.2 Velocity of Longitudinal and Transverse Waves 
in an Elastic Medium 


14.2.1 Newton’s Formula for Velocity of Sound in a Gas 


Newton to derive a relation for the velocity of sound in a gaseous medium, assumed that 
compression and rarefaction caused by the sound waves during their passage through the 
gas take place under isothermal condition. This means that the changes in volume and 
pressure take place at constant temperature. Under such conditions, Newton agreed that 
the velocity of sound wave in a gas is given by 


si ed 14.15 
br (14.15) 


For air, at standard temperature and pressure P — 1.01 x 10° Nm? and p = 1.29 kg m^. 
On substituting these values in Eqn.(14.15) we get 


v = 41.01х10° /1.29 = 280 ms” 


Clouds collide producing thunder and lightening, we hear sound of thunder after the lightening. 
This is because the velocity of light is very much greater than the velocity of sound in air. 
By measuring the time interval between observing the lightening and hearing the sound, 
the velocity of sound in air can be determined. Using an improved technique, the velocity 
of sound in air has been determined as 333 ms" at 0°C. The percent error in the value 
. 333-280 
predicted by Newton's formula and that determined experimentally is 033 — x 100% 


= 16%. This error is too high to be regarded as an experimental error. Obviously there is 
something wrong with Newton’s assumption that during the passage of sound, the 
compression and the rarefaction of air take place isothermally. 

14.2.2 Laplace's Correction 


Laplace pointed out that the changes in pressure of air layers caused by passage of sound 
take place under adiabatic condition owing to the following reasons. 


(i) Air is bad conductor of heat and 


(ii) Compression and rarefactions caused by the sound are too rapid to permit heat to 
flow out during compression and flow in during rarefaction. 


Under adiabatic conditions 
E =P, 


€ 
Where y= 225 
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yP 
Hence, v= rà (14.16) 


For air, ү = 1.4. Therefore, at STP, speed of sound is given by 


v = 414x1.01x105 /1.29 


= 333ms' 
This value is very close to the experimentally observed value. 
14.2.3 Factors affecting velocity of sound in a gas 
(i) Effect of Temperature 
From Laplace's formula 


ҮР 
р= te 
р 
Since density is ratio of mass perumit volume, this expression takes the form 


yPV 
M 


Using the equation of state PV = nRT, where n is number of moles in mass m of the gas 


[rer 
epar (14.17) 
m 


Where m denotes the gram molecular mass. This result shows that 


va JT 


t 
= Lt cas 
ч е 
934222, 
I ОЛКУ 
2333 * 0.61: n 


Note that for small temperature variations, velocity of sound in air increases by 
0.61 ms" with every degree celsius rise in temperature. 


(ii) Effect of pressure 


When we increase pressure on a gas, it gets compressed but its density increases in the 
same proportion as the pressure i.e. P/p remains constant. It means that, pressure has no 
effect on the velocity of sound in a gas. 


(iii) Effect of density 
If we consider two gases under identical conditions of temperature and pressure, then 
1 
va Np 


If we, compare the velocities of sound in oxygen and hydrogen, we get 


Чурт Ф Phyarogen _ Mase 21 
Visa Seal roe 3 4 


This shows that velocity of sound in hydrogen is 4 times the velocity of sound in oxygen 
under identical conditions of temperature and pressure. Is this result valid for liquids and 
solids as well. You will discover answer to this question in the next sub-section. 


(iv) Effect of humidity on velocity of sound in air 


As humidity in air increases (keeping conditions of temperature and pfessure constant), its 
density decreases and hence velocity of sound in air increases. 


[Example 14.2 : At what temperature is the speed of sound in air double of its value at 
S.T.P. 


i v T T 
Solution : We know that us an: 2= 573 


On squaring both sides and rearranging terms, we get «i 
: T =273 x 4= 1092k 


14.2.4 Velocity of Waves in Stretched Strings 


The velocity of a transverse wave in a stretched string is given by 


Е E (14.18 a) 
m 


Where F is tension in the string and m is mass per unit length of the wire. The velocity of 
longtudinal waves in an elastic medium is given by 


v= JE/p (14.18b) 
where E is elasticity. It may be pointed out here that since the value of elasticity is more in - 
Solids, the velocity of longitudinal waves in solids is greater than that in gases and liquids. 
In fact, о <р, < V, 


Шатин 


l. What was the assumption made by Newton in deriving his formula? 


2. What was wrong with Newton's formula? 
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0.61 ms". 


4. Calculate the temperature at which the velocity in air is (3/2) times the velocity of 
sound at 7°C? 


5. Write the formula for the velocity of a wave on stretched string? 


6. Let A be the wavelength of a wave on a stretched string of mass per unit length m 
and л be its frequency. Write the relation between n, A, F and m? Further if À = 2, 
what would be the relation between л, /, F and m? 


14.3 Superposition of Waves 


Suppose two wave pulses travel in opposite directions on a slinky. What happens when 
they meet? Do they knock each other out? To answer these questions, let us perform an 
activity. 


Activity 14.2 


Produce two wavecrests of different amptitudes on a stretched slinky, as shown in Fig. 
14.6 and watch carefully. The crests are moving in the opposite directions. They meet and 
overlap at the point midway between them [Fig. 14.6(b)] and then separate out. Thereafter, 
they continue to move in the same direction in which they were moving before crossing 
each other. Moreover, their shape also does not change 
[Fig. 14.6(c)]. 


Now produce one crest and one trough on the slinky as 
shown in Fig. 14.6(d). The two are moving in the opposite 
direction. They meet [Fig. 14.6(e)], overlap and then 

separate out. Each one moves in the same direction in 

which it was moving before crossing and each one has 
the same shape as it was having before crossing. Repeat 
the experiment again and observe carefully what happens 
at the spot of overlapping of the two pulses [(Fig. 14.6(b) 
and (e)]. You will note that when crests overlap, the 
resultant is more and when crest overlaps the through, 
the resultant is on the side of crest but smaller size. We 
may summarize this result as : At the points where the 
two pulses overlap, the resultant displacement is the 
vector sum of the displacements due to each of the 
two wave pulses. This is called the principle of mank 
superposition. Fig. 14.6: Illustrating princip t 
of superpositiono 

waves 


This activity demonstrates not only the principle of 
superposition but also shows that two or more waves 


ee ee == —————— 


can traverse the same space independent of each other. Each one travels as if the other 
were not present. This important property of the waves enable us to tune to a particular 
radio station even though the waves broadcast by a number of radio stations exist in space 


at the same time. We make use of this principle to explain the phenomena of interference of 
waves, formation of beats and stationary or standing waves. 


14.3.1 Reflection and Transmission of Waves 


We shall confine our discussion in respect of mechanical waves produced on strings and 
springs. What happens and why does it happen when a transverse wave crest propagates 
towards the fixed end of a string? Let us perform the following activity to understand it. 


Fasten one end ofa slinky to a fixed support as shown in (Fig. 14.7 (a). Keeping the slinky 
horizontal, give a jerk to its free end so as to produce a transverse wave pulse which 
travells towards the fixed end of the slinky (Fig. 14.7(a)). You will observe that the pulse 
bounces back from the fixed end. As it bounces back, the crest becomes a trough travels 
back in the opposite direction. Do you know the reason? As the pulse meets the fixed end, 
it exerts a force on the support. The equal and opposite reaction not only reverses the 
direction of propagation of the wave pulse but also reverses the direction of the displacement 
of the wave pulse (Fig. 14.7(b)). The support being much heavier than the slinky, it can be 
regarded as a denser medium. The wave pulse moving in the opposite direction is called 
the reflected wave pulse. So, we can say that when reflection takes place from a 
denser medium, the wave undergoes a phase change of n, that is, it suffers a phase 
reversal. 


— ОПО | 
БУ (а) (b) 


Piaf 
Fig. 14.7: Reflection from a denser Fig.14.8(a) : A pulse travelling down towards 
medium : a phase reversal. the free end, (b) on reflection from the 
freeend direction of its displacement 
remains unchanged 


Let us now see what happens on reflection from a rarer medium. For this we perform 
another activity. 


B B В.Ю Suspend a fixed rubber tube from a rigid support 

| 2 2 (Fig. 14.8 a). Then generate a wave pulse 
түш Imt Toy travelling down the tube. On reflection from the 
Fig.14.9: Longitudinal waves are free end, the wave pulse travels upward but 
reflected from a denser without any change in the direction of its 

medium without change of displacements i.e. crest returns as crest. Why? 

type but with changeofsign ^ As the wave pulse reaches the free end of the 


tube, it gets reflected from a rarer boundary. 
(Note that air is rarer than the rubber tube.) Hence there is no change in the direction of 
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displacement of the wave pulse. Thus on reflection from a rarer medium, no phase 
change takes place. 


You may now raise the question : Do longitudinal waves also behave similarly? Refer to 
Fig. 14.9, which shows a row of bogies. Now suppose that the engine E moves a bit 
towards the right. The buffer spring between the engine E and the first bogie gets 
compressed and pushes bogie B, towards the right. It then tries to go back to its original 
shape. As this compressed spring expands, the spring between the 1st and the 2nd bogie 
gets compressed. As the second compressed spring expands, it moves a bit towards the 
3rd bogie. In this manner the compression arrives at the last buffer spring in contact with 
the fixed stand D. As the spring between the fixed stand and the last bogie expands, only 
the last bogie moves towards the left. As a result of this, the buffer spring between the 
next two bogies on left is compressed. This process continues, till the compression reaches 
between the engine and the first bogie on its right. Thus, a compression returns as a 
compression. But the bogies then move towards the left. In this mechanical model, the 
buffer spring and the bogies form a medium. The bogies are the particles of the medium 
and the spring between them shows the forces of elasticity. 


Thus, when reflection takes place from a denser medium, the longitudinal waves 
are reflected without change of type but with change in sign. And on reflection from 
a rare medium, a longitudinal wave is reflected back without change of sign but 
with change of type. By ‘change of type’ we mean that rarefaction is reflected back as 
compression and a compression is reflected back as rarefaction. 


Intext Questions 14.3 


1. What happens when two waves travelling in the opposite directions meet? 


2. What happens when two marbles each of the same mass travelling with the same 
velocity along the same line meet? 


3. Twosimilar wave pulses travelling in the opposite directions on a string meet. What 
happens (i) when the waves are in the same phase? (ii) the waves are in the opposite 
phases? 


4. What happens when a transverse wave pulse travelling along a string meets the 
fixed end of the string? 


5. What happens when a wave pulse travelling along a string meets the free end of the 
string? 


6. What happens when a wave of compression is reflected from (i) a rarer medium (ii) 
a denser medium? 


14.4 Superposition of Wav 


Superposition of waves travelling in the same direction gives rise to two different phenomena 
(i) interference and (ii) beats depending on their phases and frequencies. Let us discuss 
these phenomena now. 

144.1. Interference of waves 


Let us compute the ratio of maximum and minimum intensities in an interference pattern 
obtained due to superposition of waves. Consider two simple harmonic waves of amplitudes 
a, and a, each of angular frequency c, both propagating along x — axis, with the same 
velocity v = w/k but differing in phase by a constant phase angle ф. These waves аге 
represented by the equations 


y, = а, sin (wt — kx) 
and y, =a, sin [(or — kx) + 6] 


21 
where œ= 2x/T is angular frequency and k = ce is wave number. 


Since, the two waves are travelling in the same direction with the same velocity along the 
same line, they overlap. According to the principle of superposition, the resultant 
displacement at the given location at the given time is 


y =y, ty, = а sin (or — kx) + a, sin [(@t — kx) + $] 
If we put (œt — kx) = 0, then 
у =a, sin® + a, sin (Ө + >) 


= a, sinO + a, sinO cosh + a, sind cos 


Let us put a, sing =A sina. 
and a, + a, cosh = A cos a 
Then 


у = А cosa sin + A sin a.cos8 


@ + аз соѕ ф = ACOS 


= Asin (0 + a) 1 

Ss ue Fig. 14.10: Calculating 
übstituting for Ө we:get IIO 

y = Asin [(or— kx) + a] amplitude A 


Thus, the resultant wave is of angular frequency @ and has an amplitude A given by 
A? = (a, + a, соѕф)? + (a, sino)? 
а? + a} cos’) + 2a,a, cosh + а? sin’ 


A? = ai a; + 2 a,a,cosh (14.18) 


In Eqn, (14.18), ф їѕ the phase difference between the two superposed waves. If path 
difference, between the two waves corresponds to phase difference ¢, then 


2np 27 


m TX where 35 is the phase change per unit distance. 
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When the path difference is an even multiple of =, i.e., p=2m 2 , then phase difference 
is given by  =(2n/A) x (2m 3/2) = 2mn. Since cos2n = +1, from Eqn. (14.18) we get 
A? = а? + а? +2aa,=(a,+a,? 


That is, when the collinear waves travelling in the same directions аге in phase, the amplitude 
of the resultant wave on superposition is equal to sum of individual amplitudes. 


As intensity of wave at a given position is directly proportional to the square of its amplitude, 
we have 


I & ( a, +a) 


max 


When p = (2m + 1) 2/2, then 6 = (2m + 1) x and соѕф = —1. Then from Eqn. (14.18), 
we get A? та? а 24а, = (a, - af 


This shows that when phases of two collinear waves travelling in the same direction differ 
by an odd integral multiple of л, the amplitude of resultant wave generated by their 
Superposition is equal to the difference of their individual amplituds. 


Then I, & (a, – ay 


Thus Inox - аха L5 Ў 


Lon 


3 (14.19) 
(a, — a5) 

If a, = a, the intensity of resultant wave is zero. These results show that interference is 
essentially redistribution of energy in space due to superposition of waves. 


14.4.2 Beats 


We have seen that superposition of waves of same frequency propagating in the same 
direction produces interference. Let us now investigate what would be the outcome of 
superposition of waves of nearly the same frequency. First let us perform an activity. 


Й Activity 145 | 


Take two tuning forks of same frequency 512 Hz. Let us name them as A and B. Load the 
prong of the tuning fork B with a little wax. Now sound them together by a rubber hammer. 
Press their stems against a table top and note what you observe. You will observe that the 
intensity of sound alternately becomes maximum and minimum. These alternations of 
maxima and minima of intensity are called beats. One alternation of a maximum and à 
minimum is one beat. On loading the prong of B with a little more wax, you will find that 
no. of beats increase. On further loading the prongs of B, no beats may be heard. The 
reason is that our ear is unable to hear two sounds as separate produced in an interval less 
than one tenths of a second. Let us now explain how beats are produced. 


(a) Production of beats : Suppose we have two tuning forks A and B of frequencies N 
and N + л respectively; n is smaller than 10. In one second, A completes N vibrations bu 
B completes № + n vibrations. That is, B completes n more vibrations in one second pe 
the tuning fork A. In other words, B gains n vibrations over A in Is and hence it gains ! V? 
in (1/n) s. and half vibration over A in (1/2n)s. Suppose at / = 0, i.e. initially, both the tuning 


ee 
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1 
A. Thus after ont it will vibrate in oposite phase. If A sends a wave of compression then 


B sends a wave of rarefaction to the observer. And, the resultant intensity received by the 
ear would be zero. After (1/n)s, B would gain one complete vibration, If now A sends a 
wave of compression, B too would send a wave of compression to the observer. The 
intensity observed would become maximum. A fter (3/2n)s, the two forks again vibrate in 
the opposite phase and hence the intensity would again become minimum. This process 
would continue. The observer would hear 1 beat in (1/n)s, and hence n beats іп one 
second. Thus, the number of beats heard in one second equals the difference in the 
frequencies of the two tuning forks. |f more than 10 beats are produced in one second, 
the beats are not heard.as separate. The beat frequency is n and beat period is 1/n. 


Fig.14.11: (a) Displacement time graph of frequency 12 Hz. (b) displacement time graph of 

frequency 10 Hz. Superposition of the two waves produces 2 beats per second. 
(b) Graphic method : Draw a 12 cm long line. Divide it into 12 equal parts of 1 cm. On 
this line draw 12 wavelengths each 1 cm long and height 0.5 cm. This represents a wave 
of frequency 12 Hz. On the line (b) draw 10 wavelengths each of length 1.2 cmand height 
0.5 cm, This represents a wave of frequency .10Hz. (c) represents the resultant wave. 
Fig, 14.11 is not actual waves but the displacement time graphs. Thus, the resultant intensity 
alternately becomes maximum and minimum. The number of beats produced in one second 
is Av. Hence, the beat frequency equals the difference between the frequencies of the 
Waves superposed. 


[Example 14.3 : A tuning fork of unknown frequency gives 5 beats per second with 
another tuning of 500 Hz. Determine frequency of the unknown fork. 


Solution : у = y + н = 500 + 5 
> The frequency of unknown tuning fork is either 495 Hz or 505 Hz. T 


Example 14.4 : In an interference pattern, the ratio of maximum and minimum intensities 
59. What is the amplitude ratio of the superposing waves? 


D a tà, ч l+r à a, 
Solution ; X -| 3.2 | —„ ош” , where r= —. 
Imin а-а, ey a 


Hence, are can write 


ч 


1+ 
11279 


“ч 
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1 
You can easily solve it to get r — > i.e., amplitude of one wave is twice that of the other. | 


1. 


If the intensity ratio of two waves is 1:16, and they produce interference, calculate 
the ratio I. Л 


? 
max min 


Waves of frequencies v and v + 4 emanating from two sources of sound are 
superposed. What will you observe? 


Two waves of frequencies v and v + Av are supperposed, what would be the 
frequency of beats? 


Two tuning forks A and B produce 5 beats per second. On loading one prong of A 
with a small ring, again 5 beats per second are produced. What was the frequency of 
A before loading if that of B is 512 Hz. Give reason for your answer. 


14.5 Superposition of Waves of Same Frequency Travelling 
in the Opposite Directions 


So far we have discussed superposition of collinear waves travelling in the same direction. 
In such waves, crests, and troughs or rarefactions and compressions in a medium travel 
forward with a velocity depending upon the properties of the medium. Superposition of 
progressive waves of same wavelength and same amplitude travelling with the same 
speed along the same line in a medium in opposite direction gives rise to stationary or 
standing waves. In these waves crests and troughs or compressions and rarefactions 
remain stationary relative to the observer. 


14.5.1 Formation of Stationary (Standing) Waves 


To understand the formation of stationary waves, refer to Fig. 14.12 where we have 
shown the positions of the incident, reflected and resultant waves, each after T/4s, that is, 
after quarter of a period of vibration. 


(i) Initially, at += 0, [Fig. 14.12(i)], the incident wave, shown by dotted curve. andthe ` 


reflected wave, shown by dashed curve, are in the opposite phases: Hence the 
resultant displacement at each point is zero. All the particles are in their respective 
mean positions. 


(i) Ағи = Т/45 (Fig. 14.12(ii)], the incident wave has advanced to the right by 0/4, 4 


shown by the shift of the point P and the reflected wave has advanced to the left by 
2/4 as shown by the shift of the point Р’. The resultant wave form has been shown 
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can be seen that the resultant 
displacement at each point is 
maximum. Hence the particle 
velocity at each point is zero and 
the strain is maximum 


(iii) Att = T/2s [Fig. 14.12(iii)], the 
incident wave advances a 
distance 2/2 to the right as shown 
by the shift of the point P and the 
reflected wave advances a 
distance 2/2 to the left as shown 
by the shift of the point P'. At 
each point, the displacements 
being in the opposite directions, 
have a zero resultant shown by a 
thick line. 

(iv) At t= 3T/4s [Fig. 14.12(iv)], the | 
two wavesareagaininthesame ү ^ * ARCU NE AT UN 
phase. The resultant displacement 
at each point is maximum. The 


(2)1=Т/4 (1)1=0 


(3)1=Т/2р 


(4) t=3T/4 


(5) 1=4Т/4 


Fig. 14.12 : Showing formation of stationary 


waves due to suj ition of two 
particle velocity is zero but the OT das VER aus 
strain is maximum possible. amplitude travelling in opposite 

(у) А: = 47/45 [Fig. 14.12(v)], the direction along the same line. 


incident and reflected waves at 
each point are in the opposite phases. The resultant is a straight line (shown by an 
unbroken thick line). The strain Ay/Ax at each point is zero. 


Note that 
© at points N,, N, N, and N,, the amplitude is zero but the strain is maximum. Such 
points are called nodes; 


©  atpoints A,, A, and A,, the amplitude is maximum but the strain is minimum. These 
points are called antinodes; ү 


* {һе distance between two successive nodes ог between two, successive antinode is 
A2; 
© the distance between a node and next antinode is 2/4; 


©  thetimeperiod of oscillation of a stationary wave equals the time period of the two 
travelling waves whose superposition has resulted in the formation of the stationary 
wave; and 


* the energy alternately surges back and forth about a point but on an average, the 
energy flow past a point is zero. 


Superposition of two identical collinear waves travelling with the same speed in 
opposite directions leads to formation of stationary waves. They are called stationary 
waves, because the wave form does not move forward, but alternately shrinks and 


ТИГ т. ЕШ 


Slow of energy past a point. 


14.5.2 Equation of Stationary Wave 
The equation of a simple harmonic wave travelling with velocity v= o/k іп a medium is 
y, =— asin (@t — kx) 


On reflection from a denser medium, suppose the wave travels along the same line along 
X-axis in the opposite direction with phase change of л. The equation of the reflected 
wave is therefore, 


y, =a sin (ot + kx) 


Thus, owing to the superposition of the two waves, the resultant displacement at a given 
point and time is 


y*X*X, 
= а sin (of + kx) — a sin (ot — Kx) 
Using the trigonometric identity. sin A — sin B = 2 Sin (A — B)/2, cos (A + B)/2, above 
expression simplifies to 
y =a sin kx cos wt (14.20) 
Let us put 42a sin kx = A. Then we can write 


y =Acos ot 


Eqn. (14.20) represents a resultant wave of angular frequency o and amplitude 2a sin kx 
This is the equation of stationary wave. The amplitude of the resultant wave, oscillates in 
space with an angular frequency c, which is the phase change per metre. At such points 
where kx = m x = m2/2, sin kx= sin тт = 0. Hence A= 0, 


The points where the amplitude is zero are referred to as nodes. At these points AylAx — 
maximum, that is strain is maximum. Obviously the spacing between two nearest points is 
A/2. 


At those points where kx = (2m + 1) 7/2 or x = (2m + 1) A/2 x )/2т = (2m + 1) 4/4 
Sin kx = sin (2m + 1) 1/2 = +1. 


Hence A is maximum. At these points the strain Ay/Ax is zero. Obviously the spacing 
between two such neighbouring points is 1/2. These points where the amplitude is maximum 
but strain is zero are referred to as antinodes. 


It may be pointed out here that at nodes, the particle velocity is zero and at antinodes, 
particle velocity Ay/At is maximum. Therefore, it follows that the average flow of energy 
across any point is zero. The energy merely surges back and forth. That is why, these 
waves have been named stationary or standing waves. ` 
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14.5.3 Distinction between Travelling and Standing Waves 


Let us summarise the main differences between travelling and standing waves. 


Travelling Waves Standing Waves 


1. Particular conditions of the medium Segments of the medium between two 


namely crests and troughs or points called nodes appear to contract 
compressions and rarefactions appear and dialate. Each particule or element 
to travel with a definite spped depending of the medium vibrates to and fro like 
on density and elasticity (or tension) of a pendulum. 


the medium. 


2. The amplitude of vibration of all the At nodes the amplitude is zero but at 


particles is the same. antinodes the amplitude is maximum. 
3. All the particles pass through their At nodes the particle velocity is zero 
mean positions with maximum velocity and at antinodes it is maximum. 


one after the other. 


4. Energy is transferred from particle to The energy surges back and forth in a 


particle with a definite speed. segment but does not move past a point. 
$. Inatravelling wave the particles attain Ina stationary wave the maximum 

their maximum velocity one after the velocity is different at different points. 

other. Itis zero at nodes but maximum at 


antinodes. But all the particles attain 
their respective maximum velocity 
simultaneously. 

6. Inatravelling wave each region is In case of standing waves strain is 


subjected to equal strains one after maximum at nodes and zero at antinodes. 
the other. 

7. There is no point where there is no Antinodes are points of no change of 
change of density. density but at nodes there is maximum 


change of density. 


|." Ies Questions 145 


1. Does energy flow across a point in case of stationary waves? Justify your answer. 


2. What is the distance between two successive nodes, and between a node and next 
antinode? 


3. Pressure nodes are displacement antinodes and pressure antinodes are displacement 
nodes, Explain. 


4. Stationary waves of frequency 170Hz are formed in air. If the velocity of the waves 
is 340 ms, what is the shortest distance between (i) two nearest nodes (ii) two 
nearest antinode (iii) nearest node and antinode? 
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14.6 Characteristics of Musical Sound 


The characteristics of musical sounds help us to distinguish one musical sound from another. 


These are pitch, londness and quality. We will now discuss these briefly. 
14.6.1 Pitch 


The term pitch is the characteristic of musical notes that enables us to classify a note 
as ‘high’ or ‘low’. It is a subjective quantity which cannot be measured by an instrument. 
It depends on frequency. However, there does not exist any one-to-one correspondence 
between the two. A shrill, sharp or acute sound is said to be of high pitch. But a dull, grave 
and flat note is said to be of low pitch. Roaring of lion, though of high intensity, is of low 
pitch. On the other hand, the buzzing of mosquito, though of low intensity, is of high pitch. 


14.6.2 Loudness 


The loudness of sound is a subjective effect of intensity of sound received by listeners ear. 
The intensity of waves is the average amount of energy transported by the wave per 
unit area per second normally across a surface at a given point. There is a large 
range of intensities over which the ear is sensitive. As such, logarithmic scale rather than 
arithmetic intensity scale is more convenient. 


Threshold of hearing and Intensity of Sound 
The intensity level B of a sound wave is defined by the equation. 
В = 10 log I, (1421) 


where I, is arbitrarily chosen reference intensity, taken as 107? Wmm ?. This value 
corresponds to the faintest sound that can be heard. Intensity level is expressed in 
decibels, abbreviated db. If the intensity of a sound wave equals I, or 107? Wm”, its 
intensity level is then I, = 0 db. Within the range of audibility, sensitivity of human ear 
varies with frequency. The threshold audibility at any frequency is the minimum 
intensity of sound at that frequency, which can be detected. 


The standard of perceived loudness is the sone. A sone is the loudness experienced 
by a listener with normal hearing when Ikilo hertz 


tone of intensity 40db is presented to both ears. позаны саң 7 

1 i 
The range of frequencies and intensities to which 120 | Threshold of feeling. — ;, 
ear is sensitive have been represented in a 100 n 


diagram in Fig. 14.13, which is in fact a graph — 9.80] ^ 


` 


between frequency in hertz versus intensity level £g 60 hA | | 
1 in decibels. This is a graph of auditory area of | "c ; | 
good hearing. The following points may be noted. — ^ M "Threshold pm 
e The lower part of the curve shows that the o Lot hearing — 
ear is most sensitive for frequencies 20 306 10100.20.000 
between 2000 Hz to 3000 Hz, where the Freauencv in hertz 
threshold of hearing is about 5db. Threshold Fig.14.13: Auditory area between 
of hearing in general, is zero decibel. threshold of hearing 
and threshold of feeling 


e  Atintensities above those corresponding to 
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the upper part of the curve, the sensation changes from one of hearing to 
discomfort and even pain. This curve represents the threshold of feeling. 


ə Loudness increases with intensity, but there is no definite relation between the 
two. 


. Pure tones of same intensity but different frequencies do not necessarily produce 
equal loudness. 


e The height of the upper curve is constant at a level of 120 db for all frequencies. 
The intensity of sound waves depends on the following factors : 
Amplitude of vibration : I & a? where a is amplitude of the wave. 


Distance between the observer and the Source : | a 1/r? where r is the 
distance of the observer from the source (provided it is a point source). 


Intensity is directly proportional to the square of frequency of the wave (1 
a у?). 


Intensity is directly proportional to the density of the medium (1 0. р). 


14.6.3 Quality 


It is the characteristic of sound waves which enables us to distinguish between two 
notes of the same pitch and intensity but sounded by two different instruments, No 
instrument, except a tuning fork, can emit a pure note; a note of one particular frequency. 
In general, when a note of frequency п is sounded, in addition to it, notes of higher 
frequencies 2n, Зл, 4n ... may also be produced. These notes, have different amplitudes 
and phase relations. The resultant wave form ofthe emitted waves determines the quality 
of the note emitted. Quality, like loudness and pitch is a subjective quantity. It depend on 
the resultant wave form. 


14.6.4 Organ Pipes 


It is the simplest form of a wind instrument. A wooden or metal pipe producing musical 
sound is known as organ pipe. Flute is an example of organ pipe. If both the ends of the 
pipe are open, we call itan open pipe. However, if one end is closed, we call ita closed 
pipe. When we blow in gently, almost a pure tone is heard. This pure tone is called a 
fundamental note. But, when we blow hard, we also hear notes of frequencies which 
are integral multiple ofthe frequency of the fundamental note. You can differentiate between 
the sounds produced by water from a tap into a bucket. These frequencies are called 
overtones. ` 


Note that 
* — Atthe closed end ofa pipe, there can be no motion of the air particles and the closed 
end must be node. 


*  Atthe open end of the pipe, the change in density must be zero since this end is in 
communication with atmosphere. Further, since the strain is zero, hence this end 


must be an antinode. 
(a) Open pipe : The simplest mode of vibrations of the air column called fundamental 


аа: и 
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mode is shown in Fig.14.14 (a). At each end, there is 7 A + А + А 
an antinode and between two antinodes, there is a 1 1 2/4 ў <| 
node. Since the distance between a node and next П] XA 1 t 
antinode is J/4, the length Z of the pipe is L | il b / 
a } 

1 2 
1= (X4) + (М4) = 222 or à = 21. І Н ! 

I А4 # | 
The frequency of the note produced is | 1 X4 [ў 4 

хід Fal Ж ТА 


п = 0/А = 0 121 
| (a) (b) (c) 
Fig. 14.14: Harmoniscs of an open 
Organ pipe. The curves 
represent the wave of the 


A = (А4) + QUA) + QUA) + QUA) = 1 Eon standing 


The next mode of vibration of the air column is shown 
in Fig.14.14 (b). One more node and one more 
antinode has been produced. In this case 


The frequency of the note is 
п,= v/k- 011= 2v [21 
n, = 2v /2l 

That is n, = 2n, 


The note produced is called second harmonic or Ist overtone. To get the second harmonic 
you have to blow harder. But if you blow still harder one more node and one more antinode 
is produced [Fig.14.14 (c)]. Thus, in this case 
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Fig.14.15: Harmonics of a closed organ pipe. The curves represented wave form of the 
longitudinal standing waves. 


Therefore, the frequency of the note emitted is 
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The note produced is called the 3rd harmonic or 2nd overtone. 


(b) Closed pipe : The simplest manner in which the air column can vibrate in a closed 
pipe is shown in Fig. 14.15(a). There is an antinode at the open end and a node at the 
closed end. The wave length of the wave produced is given by 


1=4o0rA=41 
Therefore, the frequency of the note emitted is 
n, =v/A=v/41 


The note produced is called fundamental note. On blowing harder one more node and 
antinode will be produced (Fig. 14.15(b)). The wavelength of the note produced is given by 


PM SSH) оар 
702 irae ref УД 
The frequency of the note emitted will be 
О ЗӨ 
Ng = 1 = a -3n 


The note produced is called the first overtone or the 3rd harmonic of the fundamental 
blowing still harder one more node and one more antinode will be produced Fig. 14.15(C). 
The wavelength of the note produced is then given by 


b sees die дш 
ТАМА uin ael 
The frequency of the note emitted then will be ( 
Uu. d 3d 
Hom A = a Selif 


The note produced is called the second overtone or the 5th harmonic of the fundamental. 
On comparison with the notes emitted by the open and closed pipe, you will find that the 
open pipe is richer in overtones. In closed pipe, the even order harmonics are missing. 


[Example 14.5 : Two organ pipes — one open and the other closed — are of the same 
length. Calculate the ratio of their fundamental frequencies. 


Frequency of open pipe E v/2t жо 


Solution : Frequency of closed pipe v /4£ 


7. Frequency of note produced by open pipe = 2 x frequency of fundamental note produced | 
by closed pipe. 
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What is that characteristic of musical sounds which enables you distinguis between 
two notes of the same frequency, and same intensity but sounded by two different 
instruments? 


5. What is the ratio of the frequencies of the notes emitted (1) by an open pipe and (ii) 
by a closed pipe of the same length. ; 


6. What will be the effect of temperature, if any, on the frequency of the fundamental 
note of an open pipe? 


Noise Pollution 


When the sensation of sound changes from one of hearing to discomfort, it causes 
noise pollution and if it persits for a long time, it has harmful effects on certain organ 
of human beings. Noise is also one of the by-products of industrialisation and misuse 
of modern amentities provided by science to human beings. We summarise here 
under the sources or description of noises and their effects as perceived by the 


human beings. 
Table 14,1 : Sources of Noise and their Effects 

Source Intensity Level Perceived Effect 

in decibels by human being 
Threshold of hearing 0(=10 Wm?) Just audible 
Rustle of leaves 10 Quiet 
Average whisper 20 Quiet 
Radio at low volume 40 Quiet 
Quiet automobile 50 moderately loud 
Ordinary conversation 65 do 
Busy street traffic 70to 80 loud 
Motor bike and heavy vehicles 90 very loud 
Jet engine 105 Uncomfortable 
about 35m away ; 
Lightening 120(=1 Wm?) do 
Jet plane at take off 150 Painful sound 
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(a) Effect of Noise Pollution 


It causes impairment of hearing. Prolonged exposure of noise at 85 or more than 
85db causes severe damage to the inner part of the ear. 


It increases the rate of heart beat and causes dilation of the pupil of eye. 

It causes emotional disturbance, anxiety and nervousness. 

It causes severe headache leading to vomiting. 

Methods of Reducing Noise Pollution 

Shifting of old industries and setting new ones away from the dwellings. 

Better maintenance of machinery, regular oiling and lubrication of moving parts. 
Better design of engines and machines, 

Restriction on use of loudspeakers and amplifiers. 


Restricting the use of fire crackers, bands and loud speakers during religious, political 
and marriage processions. 


Planting trees on roads for intercepting the path of sound. 
Intercepting the path of sound by sound absorbing materials. 
Using muffs and cotton plugs. 


Shock Waves 


When a source of waves is travelling faster than the sound waves, shock waves are 
produced, The familiar example is the explosive sound heared by an observer when 
a supersonic plane flies past over the head of the observer. It may be pointed out that 
the object which moves with a speed greater than the speed of sound is itself a 
Source of sound. 


You know that light is an e.m. wave. It has wavelength in the range 4000°A to 7500°A. A 
brief description of em waves is given below. 


14.7.1 Properties of e.m. waves 
The following properties of e.m. waves may be carefully noted. 
() ет. waves are transverse in nature 


(ii) They consist of electric (E) and magnetic fields (B) oscillating at right angles to each 


other and perpendicular to the direction of propagation (k). Also Е = cB. [see figures 
14.16] 
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x-z plane 


> Z 
(direction of 
propagation) 


Fig. 14.16 : Electrical and Magnetic fields in em waves 


1 


(ii) They propagate through free space (in vacuum) with a uniform velocity = m 


73x 105 ms" —c (velocity of light). Fora medium of permeability u (= p.t) and 
permittivity € (= g, . £,) the velocity becomes 


1 1 c 
ВЕ Тев us... 5^ 


(iv) The nature and action of these waves depends on their frequency (or wavelength). 
Maxwell's theory placed no restriction on possible wavelengths for e.m. waves and 
hence e.m. waves of wavelengths ranging from 6 x 10: m have been successfully 
produced. There is no limit to very long wavelengths which correspond to radio 
broadcast waves. The whole range of e.m. waves from very long to very short 
wavelengths constitutes the electromagnetic spectrum. 


James Clark Maxwell 
(1831 — 1879) 


Scottish Mathematician and physicist Maxwell is famous for his 
theories of electromagnetic fields. Through his equations of 
electromagnetic principles he showed that they implicitly indicated 
the existence of em waves which travelled with the speed of 
light, thus relating light and electromagnetism. 


With clausius he developed the kinetic theory of gases. He developed a statistical 
theory of heat. A man of varied interests, he derived the theorem of equipartition of 


energy, showed that viscosity varies directly with temperature and tried to explain 
the rings of saturn. 


14.7.2 Electromagnetic Spectrum 


Maxwell gave the idea of e.m. waves while Hertz, J.C. Bose, Marconi and others 
successfully produced such waves of different wavelengths experimentally. However, I 
all the methods, the source of e.m. waves is the accelerated charge. 
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Electromagnetic waves are classified according to the method of their generation and are Oscillations and Waves 
named accordingly.-Overlapping in certain parts of the spectrum by different classes of 
e.m waves is also observed. This tells that the e.m. waves of wavelenths in the overlapping 
region can be produced by two different methods. It is important to remember that the 
physical properties of e.m. waves are determined by the frequencies or wavelengths 
and not by the method of their generation. A suitable classification of e.m. waves is 
called the electromagnetic spectrum. 


There is no sharp dividing point between one class of e.m. waves and the next. The 
different parts are as follows : 


v= 60Hz to 50Hz 
(i) Тһе low frequency radiations X-5xl05mto6x105m| ` generated from a.c. 


circuits are classified as power frequencies or power waves or electric power utility 
e.m. waves. These weaves have the lowest frequency. 


| à = 0.3m to 105m i 
(ii) Radio Waves y=10°Hzto300Hz/ ` Radio waves are generated when charges 


are accelerated through conducting wires. They are generated in such electronic 
devices as LC oscillators and are used extensively in radio and television 
communications. X 


X 210?m to 0.3m 
v -10'" Hz to 10 Hz 


in special vacuum tubes. Because oftheir short wavelengths, they are well suited for 
the radar system used in aircraft navigation, T.V. communication and for studying the 
atomic and molecular properties of matter. Microwave ovens use these radiations as 
heat waves. It is suggested that solar energy could be harnessed by beaming 
microwaves to Earth from a solar collector in space. 


(Ш) Microwaves | | : These are generated by oscillating currents 


А=7х107 т to10?m 

у= 4.3х10'* Hz to3x10'" Hz 
waves, are produced by hot bodies and molecules. These are readily absorbed by 
most materials. The temperature of the body, which absorbs these radiations, rises. 


Infrared radiations have many practical and scientific applications including physical 
therapy infrared photography etc. These are detected by a thermopile. 


(V) Infra-red waves | | : Infra-red waves, also called heat 


X 24x10 m to7x107m 
v27.5x10" Hz to 4.3x 10^ Hz 


human eye can detect or to which the human retina is sensitive. It forms a very small 
Portion of the whole electromagnetic spectrum. These waves are produced by the 
rearrangement of electrons in atoms and molecules. When an electron-jumps from 
Outer orbit to inner orbit of lower energy, the balance of energy is radiated in the form 
of visible radiation. The various wavelengths of visible lights are classified with colours, 
ranging from violet (A = 4 x 107m) to red (4. = 7 x 1077). Human eye is most sensitive 


() Visible light | | : These are the e.m. waves that 
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to yellow-green light (À = 5 x 10m). Light is the basis of our communitation with the 
world around us. 


X 23x10?m to 4x10? т 


v 2107 Hz to 7.5x 10^ " : Sun is the important source of ultraviolet 


(vi) Ultraviolet | 


radiations, which is the main cause of suntans. Most of the ultraviolet light from Sun 
is absorbed by atoms in the upper atmosphere i.e. stratosphere, which contains ozone 
gas. This ozone layer then radiates out the absorbed energy as heat radiations. Thus, 
the lethal (harmful to living beings) radiations get converted into useful heat radiations 
by the ozone gas, which warms the stratosphere. These ultraviolet rays are used in 
killing the bacteria in drinking water, in sterilisation of operation theatres and also in 
checking the forgery of documents. 


X24xl0?mto4x10*m 
(vii) X-rays v- 15x10? Hz to 7.5x105 Hz : These are produced when high energy 


electrons bombard a metal target (with high melting point) such as tungsten. X-rays 
find their important applications in medical diagnostics and as a treatment for certain 
forms of cancer. Because, they destroy living tissues, care must be taken to avoid 
over-exposure of body parts. X-rays are also used in study of crystal-structure. 
They are detected by photographic plates. 


X 26x10" m tol0 m 


Б i ioactive 
v2 5x10^ Hz to ded : These are emitted by radioa 


(viii) Gamma rays | 


nuclei such as cobalt (60) and ceasium (137) and also during certain nuclear reactions 
in nuclear reactors. These are highly penetrating and cause serious damage when 
absorbed by living tissues. Thick sheets of lead are used to shield the objects from 
the lethal effects of gamma rays. 


The energy (E) of e.m. waves is directly proportional to their frequency E 


hc 
[в =hv -*) and inversely proportional to their wave-length (A). Thus gamma 


rays are the most energetic and penetrating e.m. waves, while the power frequencies 
and the A.M. radio waves are the weakest radiations. Gamma rays are used t0 
detect metal flaws in metal castings. They are detected by Geiger tube or scintillation 
counter. 


Depending on the medium, various types of radiations in the spectrum will show different 
characteristic behaviours. For example, while whole of the human body is opaque to visibl 
light, human tissues are transparent to X-rays but the bones are relatively opaque. Similarly 
Earth's atmosphere behaves differently for different types of radiations. 


MODULE - 4 


Visible 
| FH 
X-rays 1 ' Infrared 
-ray: E Radio waves 
E: Бота 
___ D ELA | 
= ! 
Jog scale 
m 107 10* 10* 10° 1 10° 10° (wavelen gtns in 
3x10” 3x10" 3x10" 3x10" 3.10 3010." 3«10* (frequencies n Hz) 


Fig. 14.17 : Electromagnetic spectrum 


1. Fillintheblanks: 


are generated by oscillating currents in special vacuum tubes. 


| (ii) Human eye is most sensitive їо.............................- color light. 
(iii). desde is the important source of ultraviolet radiation. 


(iv)... DRE: are used as the diagnostic tool in medical, 


RAT ———— HÁT 
2. Which of the e.m. waves are more energetic? 


(i) Ultraviolet or infrared. 


(ii) x-rays or y-rays 


3. Which of the e.m. waves are used in aircraft navigation by radar? 


4. Which gas in the atmosphere absorbs ultraviolet radiations from the Sun before 
reaching the earth’s surface? 


While waiting on a railway platform for the arrival ofa train, you might have observed that 
the pitch ofthe whistle when the engine approaches you and when the engine moves away 
from you are different. You will note that the pitch is higher when the engine approaches 
but is lower when the engine moves away from you. Similarly, the pitch ofthe horn of a bus 
&oing up a hill changes constantly. 


|| ^————— UU LIN ИИА 
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Apparent change of frequency observed due to the relative motion of the observer 
and the source is known as Doppler effect. 


Let v be velocity of the sound waves relative to the medium, (air), v, velocity of the 
source; and v, velocity of the observer. 


Christian Doppler 
(1803 — 1853) 


C.J. Doppler, an Austrian physicist and mathematician, was 
born on Nov., 29, 1803 in a family of stone mesons. A pale and 
frail person, he was not considered good enough for his family 
business. So on recommendation of the professor of 
mathematics at Salzburg Lycousin, he was sent to Vienna 
Polytechnic from where he graduated in 1825. 


A struggler through out his life, Doppler had to work for 18 months as a book-keeper 
at a cotton spinning factory. He could think of marrying in 1836 only when he gota 
permanent post at the technical secondary school at prague. He was once reprimanded 
for setting too harsh papers in maths for polytechnique students. But he pushed his 
way through all odds and finally got succes in getting the position of the first director 
of the new Institute of Physics at Vienna University. 


The Doppler effect discovered by him made him famous overnight, because the 
effect had far reaching impact on acoustics and optics. The RADAR, the SONAR, 
the idea of expanding universe there are so many developments in science and technology 
which owe a lot to Doppler effect. Не died on March 17, 1853 in Venice, Italy.. ' 


It is important to note that the wave originated at a moving source does not affect the 
speed of the sound. The speed v is the property of the medium. The wave forgets the 
source as it leaves the source. Let us suppose that the source, the observer and the sound 
waves travel from left to right. Let us first consider the effect of motion of the source. A 
particular note which leaves the sources at a given time after one second arrives at the 
point A such that SA = v. In this time, the source moves a distance о. Hence all the л 
waves that the source had emitted in one second are contained in the space x = V= U, 
Thus length of each wave decreased to 


(14.22) 


Fig. 14.18 : Crowding of waves when source is moving 


Now let us consider the effect of motion of the observer. A particular wave which arrives 
at O at a particular time after one second will be at B such that OB = v. But in the mean 
time, the observer moves from O to O'. Hence only the waves contained in the space O'B 
have passed across the observer in one second. The number of the waves passing across 
the observer in one second is therefore, 


n' -(v- vy (14.23) 


pepe a (on, зү ы 
Fig. 14.19 : Waves received by a moving listner 


Substituting for A’ from Eqn. (14.22) we get 
U-U, 
Lu 
U—U, 


: (14.24) 
where n’ is the observed frequency when both observer and source are moving in the 
direction from the source to the observer. 

In using Eqn.(14.24) the velocity of sound is taken positive in the direction from the 
source to the observer. Similarly , v, and v, are taken positive if these are in the direction 
of v and vice versa. 


The utility of Doppler's effect arises from the fact that it is applicable to light waves as 
much as to sound waves. In particular, it led us to the concept of expansion of the universe. 


The following examples will help you to understand this application of Doppler's effect. 


[Example 14.6 : The light from a star, on spectroscopic analysis, shows a shift towards 
the red end of the spectrum ofa spectral line. If this shift, called the red shift, is 0.032%, 

calculate the velocity of recession of the star. 

Solution : In this case, the source of waves is the star. The observer is at rest on the 

Earth. We have shown that in such a case 


U—U, 
N= 
n 

But laa 
п = v/A Therefore, = утаа 

р-р, 

gpw 

v 


On rearranging terms, we can write 


Å a eee 
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A 
E 
n 


> 


or 


AX 
we are told that E = 0.032/100. And since v =< = 3 х 10* ms", we get 


AX 
Pis ЖШ =- (3 x 105 ms" x 0.032/100) = — 9.6 x 10* ms". 


The negative sign shows that the star is receding away. This made the astrophysists Е 
conclude that the world is in a state of expansion 


1. ASONAR system fixed in a submarine operates at frequency 40.0kHz. An enemy 
submarine moves towards it with a speed of 100ms~'. Calculate the 


frequency of the sound reflected by the sonar. Take the speed of sound in water to 
be 1450 ms". 


2. Ап engine, blowing a whistle of frequency 200Hz moves with a velocity 16ms™ 
towards a hill from which a well defined echo is heard. Calculate the frequency of 
the echo as heard by the driver. Velocity of sound in air is 340ms“'. 


Constancy of Speed of Light 


Aristotle, believed that light travels with infinite velocity. It was for the first time in 
September, 1876 that the Danish astronomer, Roemer, indicated in a meeting of Paris 
Academy of Sciences that the anomalous behaviour of the ecli pse, times of Jupiter’s 
inner satellite, lo, may be due to the finite speed of light. Feazeu, Focult, Michelson 
and many other scientists carried out experiments to determine the speed of light in 
air with more and more precision. 


Albert Einstein, in his 1905 paper, on special theory of relativity, based his arguments 
on two postulates. One of the postulates was the constancy of speed of light in 
vacuum, irrespective of the wavelength of light, the velocity of the source or the 
observer. In 1983, the velocity of light in vacuum, was declared a universal constant 
with a value 299792458 ms". 


However, the Autralian researcher Barry Setterfield and Trevn Norwah have studied. 
the data of 16 different experiments on the speed of light in vacuum, carried out over 
the last 300 years, by different scientists at different places, According to them, the 
speed of light in vacuum is decreasing with time. If this hypothesis is sustained and 
coroborated by experiements, it will bring in thorough change in our world view. 
Major areas in which this change will be enormous are : Maxwell’s laws, atomic 
structure, radioactive decay, gravitation, concepts of space, time and mass etc. 
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$i 
КУУ What You Have Learnt 


e Тһе distance between two nearest points іп a wave motion which are in the same 
phase is called wavelength. 


e The equation of a simple harmonic wave propagating along x-axis is y = a sin 
(ut — kx). 


e The energy transmitted per second across a unit area normal to it is called intensity.. 
e  Ifthevibrations of medium particle are perpendicular to the direction of propagation, 


the wave is said to be transverse but when the vibrations are along the direction of 
propagation the wave is said to be longitudinal. Velocities of transverse wave and 


longitudinal waves is given by v= 4T /m and v =./E/p respectively. 


e -` On reflection from a denser medium, phase is reversed by л. But there is no phase 
reversal on reflection from a rarer medium. 


| © When two waves are superposed, the resultant displacement at any point is vector 

| sum of individual displacements at that point. Superposition of two colliner waves of 
same frequency but differing phases, when moving in the same direction results in 
redistribution of energy giving rise to interference pattern. 

| © Superposition of two collinear waves of the same frequency and same amplitude 
travelling in the opposite directions with the same speed ¢esults in the formation of 
stationary waves. In such waves, waveform does not move. 

e Ina stationary wave, the distance between two successive nodes or successive 
antinodes is 2/2. It is, therefore, obvious that between two nodes, there is an antinode 
and between two antinodes there is a node. 


* The displacement is maximum at antinodes and minimum at nodes, 


* Intensity level is defined by the equation B = 10log (I/I), where I, is an arbitrarily 
chosen reference intensity of 107? W m~. Intensity level is expressed in decibels 
(Symbol. db) 

* Quality of a note is the characteristic of musical sounds which enable us to distinguish 
two notes of the same pitch and same loudness but sounded by two different 
instruments. 

* Electromagnetic waves are transverse in nature, and do not require any medium for 
their propagation. 

* Light is an e.m. wave with wavelength in the range 4000 À — 7500 À. 


* Тһе frequency of e.m. waves dogs not change with the change in the medium. 


© em. waves are used for wireless radio communication, TV transmission, satellite 
communication etc. 


l. How will you define a wave in the most general form? 
2 Explain using a suitable mechanical model, the propagation of (i) transverse waves 


== а нена NN 
| | 
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(ii) longitudinal wave. Define the term wavelength and frequency. 


Define angular frequency о and propagation constant К and hence show that the 
velocity of the wave propagation is у = o/k = nÀ. 


Derive the equation of a simple harmonic wave of angular frequency of (i) transverse 


' (ii) longitudinal waves. 


What are the essential properties of the medium for propagation of (i) transverse 
waves (ii) longitudinal waves. 


Derive an expression for the intensity of the wave in terms of density of the medium, 
velocity of the wave, the amplitude of the wave and the frequency of the wave. 


Write Newton’s formula for the velocity of sound іп a gas and explain Laplace's 
correction. 
When do two waves interfere (i) constructively (ii) destructively? 


Show using trigonometry that when two simple harmonic waves of the same angular 
frequency о and same wavelenght À but of amplitudes a, and a, are superposed, the 
resultant amplitude is A= \ a} +a? + 2a,a, cos0 , where Ө is the phase difference 
between them. What would be the value of A, for 0 = 0, (ii) for 0 = 2m, and (iii) for 
Ө = (2m + 1)? 

What are beats? How are they formed? Explain graphically. 

Discuss graphically the formation of stationary waves. Why are these wave called 
stationary waves? Define nodes and antinodes. 

State three differences between stationary and travelling waves. 


Derive the equation of a stationary wave and show that displacement nodes are 
pressure antinodes and displacement antinodes are pressure nodes? 


What are the characteristics of musical sounds. Explain. 


What is a decibel (symbol) db)? What is meant by ‘threshold of hearing’ and ‘threshold 
of feeling’? 


What is meant by quality of sound? Explain with examples? 
Discuss the harmonics of organ pipes. Show that an open pipe is richer in harmonics. 


Show that (i) the frequency of open organ pipes. is two times the frequency of the 
fundamental note of a closed pipe of same length (ii) to produce a fundamental note 
of same frequency, the length of the open pipe тибе two times the length of the 
closed pipe. 

Describe an experiment to demonstrate existence of nodes and antinodes in an organ 
pipes? ' 

State the causes of noise pollution, its harmful effects and methods of minimising it. 


Explain Doppler’s effect and derive an expression for apparant frequency: How 
does this equation get modified if the medium in which the sound travels is also 
moving. : 
Discuss the applications of Doppler’s effect in (i) measuring the velocity of recession 
of stars, (ii) velocity of enemy plane by RADAR and (iii) velocity of enemy boat by 
SONAR? 
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. Calculate the velocity of sound in a gas in which two waves of wavelengths 1.00m 
and 1.01m produce 10 beats in 3 seconds. 


24. What will be the length of a closed pipe if the lowest note has a frequency 256Hz at 
20C. Velocity of sound at 0C = 332 ms”. 


25. The frequency of the sound waves emitted by a source is 1 kHz. Calculate the 
frequency of the waves as perceived by the observer when (a) the source and the 
observer are stationary, (b) the source is moving with a velocity of 50ms~' towards 
the observer, and (c) the source is moving with a velocity of 50ms~ away from the 
observer. Velocity of sound in air is 350ms"'. 


26. Write the characteristic properties of e.m. waves which make them different from 
sound waves. 


27. How does the velocity of e.m. waves depend upon the permeability u and permittivity 
£ of the medium through which they pass? 


28. Givethe range of wavelengths of the following e.m. waves: 
(i) Radio Waves (ii) Microwaves : (iii) Ultraviolet; (iv) x-rays. 
29. How are x-rays produced? 
30. Can e.m. waves of all frequencies propagate through vacuum? 
3l. Fillinthe blanks. 
(i) A changing electric field produces a in the adjacent region. 
(ii) are more harmful to our eyes than x-rays. 
(iii) are emitted from radio active nuclei of cobalt. 
(iv) Infra red rays are less energies than 


(V) Inane.m. wave propagating along z-direction, if the E field oscillates in the X,Z 
plane then the B field will oscillate in the plane. 


(vi) The ratio H in free space of e.m. wave is called 


(vii) The frequency range of F.M. band is : 
(viii) signal is frequency modulated in T.V. broadcasting. 


Answers to Intext Questions 


14.1 
l. See section 14.1.4. 


2z 
2. fp be the path difference, then the phase difference is Ө = АР 
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14.2 


1. Newton assumed that compression and rarefaction caused by sound waves takes 
_ place under isothermal condition. 


3. Newton assumed that isothermal conditions instead of adiabatic conditions for sound 


propagation. 
35796 
T 
Бү = 
т 
ed и MG 
6. Therefore, n = > 4|— 
3 A \т 


Further, for the simplest mode of vibration, at the two ends of the string, there are nodes 
and in between the two nodes is an antinode. Therefore, / = //2 or А = 2/, hence n = A/2/ 


i T 
fe . If the string vibrates in p segments, the A = p //2 or A = 21/р. Then n = (p/2l) ie i 
14.3. 


For answers to all questions see text. 


14.4 

l.' 25/9. 

2. Beats with frequency 4Hz are produced. 

3. Frequency of beat is Av. 

4. 517, on loading the frequency of A decreases from 517 to 507. 
14.5 

l. No energy swings back and forth in a segment. 


2. Distance between two successive nodes is А/2, and between a node and antinode is 
MA. 


4. (1) 1т, (йй) Іт, (iii) 1/4m. 

14.6 

Pitch increases with increase in frequency. 
Timbre 

Timbre 

Open pipe 


For a closed pipe in case of fundamental note / = 2/4 or A = 41, therefore n = ОА = 
v/4l. 


Vv > шо ы 


ee 
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For an open pipe ¢ = 272. Therefore n' = v /2/. 


Comparing (i) and (ii) we find that n' = 2n 


v E Sn г. à 
6. n= 26 As v increases with increase in temperature л also increases. 


14.7 
(i) microwaves. 
(ii) yellow-green (A = 5 x 107 m) 
(iii) Sun, 
(iv) X – rays. 
(v) thermopile. 
2. (i)ultravoilet 
(ii) r — rays. 
3. | Microwaves 
4. Ozone. 
5. Perpendicular to each other. 


14.8 


1450 -100 
= з -———— 
40 x 10° x 1450 


135 
= 40 x 145 * 10 = 37.2 KHz. 


340 +16 
340 -16 


2. п=200х 


356 
- 229 2220Hz. 
200 x 224 220 


Answer to Terminal Problems 
23. 337 тз“! 
24. ~ 30cm. 
25. (a)lkHz 
(b) 857 Hz 
(c) 1143 Hz. 
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Maximum Marks: 50 Time : 17; Hours 
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INSTRUCTIONS 

€ Answer All the questions on a seperate sheet of paper 
€ Give the following information on your answer sheet: 
€ Name 

@ Enrolment Number 
€ Subject 

€ Assignment Number 
@ Address 


€ Get your assignment checked by the subject teacher at your study centre so that you get positive feedback 
about your performance. 


Do not send your assignment to NIOS 


1. Which of the following represent simple harmonic motion (1) 
(а)у= 1+ or. 
(b) у = sin.ot + cos.ot. 


(c) y = sin.ot + cos wl. 


2. Foursimple pendulum A, B, C and D are suspended from the same support. 
If any out ofthe pendulums is set into vibration all the four start oscillating. 
Which two of these pendulums will oscillate with the same frequency. 
Why? (1) 


3. Amassm when made to oscillate on a spring of force constant k oscillates 
with a frequency v. The spring is then cut into two identical parts and the same mass is made to oscillate 


on half of the spring. What is the new frequency of oscillation of mass m. (1) 
4. Give an example ofa motion which is periodic but not oscillatory. (1) 
Draw a graph showing the variation of velocity of sound in air with pressure. (0 


6. Is there а deviation in the direction of propagation of a sound wave in passing from air to water? 
Explain. (1) 


7. What happens when a transverse wave pulse travelling on a string meets the fixed end of the string?(1) 
8. What happens to the speed of em waves as they enter from vacuum to a material medium. (1) 


9. Draw reference circle for the SHM represented by — 


т 
х= 3 sin (2+5) 
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Indicate the initial position of the particle, the radius of the circle and the angular speed of the rotating 
particle. For simplicity, the sense of rotation may be taken to be anticlockwise. In the given expression x 
is in cm and t is in seconds. (2) 


10. Two waves having intensities in the ratio 1 : 9, superpose to produce interference pattern on a screen. Find 
the ratio of maximum and minimum intensities in the interference pattern. (2) 


11. Two tuning forks A and B are marked 480 hz each. When they are sounded together they give 5 beats 
s". What can you say about the frequency marked on the tuning forks. How сап you find the ratio 


v,/ vy? (2) 
12. (a) Name the em waves used in aircraft navigation by radar? 
(b) Which gas in atmosphere absorbs u-v radiation? (2) 


13. Write Laplace's formula for the speed of sound in air. Using the formula explain why the speed of sound 
in air (a) increases with temperature (5) increases with humidity. (4) 


14. A transverse harmonic wave on a string is described by 
y(x,t) = 3.0 sin(36r  0.018x) 
find (i) amplitude of particle velocity. (ii) wave velocity. (4) 


15. A bat emits urasonic waves of frequency 10° KHz in air. If the waves strike a water surface, find the 
difference in the wave lengths of transmilted sound and reflected sound. (speed of sound in air is 
350 ms" and is water 1500 ms’). (4) 


16. A wire stretched between two rigid supports vibrates in its fundamental mode with a frequency of 50 Hz. 
The mass of the wire is 3.5 x 10? kg and its linear density is 4.0 x 10? kg m'. What is (a) the speed of 


a transverse wave on the string and (b) the tension in the string? (4) 
17. A pipe 20 cm long is closed at one end. Which harmonic mode of the pipe is resonantly excited by a 430 
Hz source? Will the same source be in resonance with the pipe if both ends are open. (4) 


18. Explain why : 
(i) solids can support both transverse as well as longitudinal waves, however, only lougitudinal can propagate 
in gases. 
(ii) the shape of a pulse get distorted during propagation in a dispersive medium. 
(iii) in a sound wave displacement node is pressure antinode and vice-versa. 


(iv) a note played on voilin and sitar has the same frequency but the two may still be distinguished from 
each other. (4) 


19. Discuss the applications of doppler effect in measuring 
(i) the velocity of recession of stars (ii) velocity of enemy boat by SONAR. (5) 


20. The transverse displacement of a string of length 1.5 m and mass .03 kg which is clamped at both ends, is 
given by (5) 


y= ооввт 2% )со(120т) 


when x and y are in m and / in s. 

(i) Does it represent travelling wave or stationary wave? 

(ii) Interpret the wave as a result of superposition of two waves. 

(iii) Determine the frequency, wavelength and speed of each super posing wave. 
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Curriculum 


Rationle 


Physics is ‘a fundamental science because it deals with the basic features of the world, such as, time, space, 
motion, charge, matter and radiation. Every event that occurs in the natural world has some features that can 
be viewed in these terms. Study of physics need not necessarily be taken as a means of becoming a physicist; 
it is a means of rationally understanding nature. Physics lies behind all technological advancements, such as, 
computer. internet, launching of rockets and satellites, radio and T.V communications, lasers, etc. It also finds 
applications in such simple activities of men as lifting a heavy weight or making a long jump. Physics is thus an 
all pervading science and its study helps us in finding answers to whys and hows of our day to day happenings. 


Keeping in view the issues highlighted in the National Curriculum Framework (NCF) for School Education, 
present Physics curriculum has been so designed that it not only focusses on the basic concepts of Physics but 
relates them to the daily life activities. The application ofthe laws of Physics and their effects on daily life have 
been reflected in the curriculum. The basic themes of Physics which would be of interest to all, particularly to 
those who are interested in pursuing Physics as a career in life have been selected to form core content of the 
curriculum. Besides, the curriculum also includes such emerging areas as electronics, communication, nuclear 
physics, photography and Audio - videography, which find immense applications in daily life. 


Though mathematics is basic to the understanding of most of the problems of physics, in the present course, 
stress has been given to avoid rigour of mathematics like intergration and differentiation. The focus has been 
to teach concepts of physics rather than mathematical calculations. 


Course Objectives 


The basic objectives of the sr. secondary level Physics course are to enable the learner to : 


e acquire knowledge and develop understanding of concepts, fundamental laws, principles and processes 
in the area of physics so that relationship between causes and effects of physical phenomnon can be 
understood; 


©  appreaciate the contributions of physics towards improving quality of life; 
e promote interest in physics and foster a spirit of enquiry; and 
e — improve competencies of individuals in work skills required in their profession. 
As a part of this process, the course also aims at developing the following abilities in the learner: 


e experimental skills like taking observations, manipulation of equipment, and communicative skills such as 
reporting of observations and experimental results; 


e problem solving ability e.g analyzing a situation or data, establishing relationship between cause and 
effect; 


e scientific temper of mind by making judgment on verified facts and not opinions, by showing willingness 
to accept new ideas and discoveries; and 


e awareness of the dangers inherent in the possible misuse of scientific knowledge. 

Course Structure 

The physics curriculum at sr. secondary level consists of both theory and practical components. 

(i) The theoretical part of the Physics curriculum includes two parts — core modules and optional modules: 


1. Core modules : The core modules comprise of the essential concepts and phenomena of physics W hich 


— 
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a student at this level should know. There are eight core modules which contain predominantly the subject 
matter of mechanics, electricity, light and other areas of physics representing the minimum knowledge 
required to progress into the more advanced areas and to develop appreciation for the fact that physics 
plays a significant role in most situations. 


Core Modules Marks Minimum Study 
Time (hours). 


1..Motion, Force and Energy 


2. Mechanics of Solids and Fluids 

3. Thermal Physics 

4. Oscillations and Waves 

5, Electricity and Magnetism 

6. Optics and Optical Inctruments 

7. Atoms and Nuclei 

8. Semiconductors and their Applications 


2. Optional Modules : The optional modules are in the application oriented specific fields like Electronics 
and Communication and Photography and Audi- Videography. In the optional modules there is a choice 
to opt any one of the given modules. Each modules carries a weightage of 12 makrs which makes 15% | 


Minimum Study 
Time (in hours) 
30 


(ii) Paractical in physics 

There is a compulsory component of practicals in Physics. It carries a weightage of 20% marks in the 
term end examination. A list of experiments and suggested activities to be performed by the students is 
given at the end of theory syllabus. 


Module 1 : Motion, Force and Energy 


Approach : Besides highlighting the importance of universal standard units of measurement, applications of 
dimensions and vectors in the study of physics to be described in this module. The concept of motion and rest, 
cause of motion and different types of motion have been described with the help of daily life examples. 
Significance of gravitation, concept of work and energy are to be highlighted. The basics of the motion of a 
rigid body and the significance of rotational motion in day to day life has been explained. 


Unit 1,1.: Units, Dimensions and Vectors 


© — Units of measurement — fundamental and derived units Supprotive Video programme 
© Dimensions of physical quantities 1. Application of Vector in 
e — Applications of dimensions our daily life 


e Vectors and scalars 
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e Vectors and their graphical representation 
e Addition and subtraction of vectors 
e Resolution of vectors into rectangular components 
(two dimensions) 
e Unit vector 
e Scalar and Vector products 
2. Unit 1.2 motion in a Straight line 
e Distance and displacement Supportive Video Programme 
e Speed, velocity and acceleration 1. Motion and Rest 
e — Average & instantaneous velocities. 
e Uniformly accelerated motion 
e Position — time and velocity — time graphs 
e Equations of motion with constant acceleration including 
motion under gravity 


e Relative motion 


3. Unit 1.3: Newton's laws of motion Supprotive Video Programme 
e Concept of force and inertia 1. Laws of Motion 
e First law of motion 2. Frictional force 


e Concepts of momentum 

e Second law of motion 

e Third law of motion 

e Impulse 

e Conservation of linear momentum 

e Friction -static and kinetc, factors affecting friction 

° Importance of friction and methods of reducing fiction 
e Free body diagram technique 


e Elementary idea of inertial and non — inertial frames of references. 


Unit 1.4: Motion in a Plane Supportive Video Programme 
e Projectile motion (time of fligtht, range and 

maximum height) 1. Planetary Motion 
e Trajectory of a projectile 2. Circular Motion 


е  Uniformcircular motion 
e  Centripetal acceleration 
e Circular motion in daily life 
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Unit 1.5: Gravitation Supprotive Video Programme 

* Universal law of gravitation 1, Planetary Motion 

* Acceleration dute to gravity and its variation with 2. Satellites and Their Applications 
height, depth and latitude (only formula), value of 
g at moon 

e Kepler’s laws of planetary motion (no derivation) 

* Motion of planets, orbital and escape velocity 

e Satellites — geostationary and polar 

e Achievements of India in the field of space exploration 


e Applications of satellites 


6. Unit 1.6 : Work, Energy and Power Supportive Video Programme 
e — Work done by a constant force 1. Work and Power 
e — Work done by a varying force (graphical method) 2. Mechanical Energy 

With example of spring 


e Work — energy theorem 
e Conservative and non — conservative forces 
e Mechanical Energy (kinetic and potential energies) 
With examples. 
e Conservation of energy (spring pendulum, etc) 
e Elastic and inelastic collisions 
e — Power and its units. 
7. Unit 1.7 : Motion of a Rigid Body Supportive Video Programme 
* Rigid body motion, center of mass, couple and torque 1. Rotational Motion 
© Moment of inertia, radius of gyration and its 
significance 
© Theorems of parallel and perpendicular axes 


concerning moment of inertia and their uses in simple 


cases (no derivation) 
e — Equations of motion fora uniformly rotating rigid 


body (no derivation) 
*  Angular momentum and law of conseration of angular 


momentum with simple applications 
©  Rotational and transnational motions with examples 
(motion of ball, cylinder, flywheel on an incline plane) 


* Rotational energy 
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Module 2 : Mechanics of Solids and Fluids 


Approach : The classification of the substances into solids, liquids and gases is done on the basis of intermolecular 
forces. This module explains the elastic behaviour ofthe solids and highlights source of elastic behaviour of solids. 
The mechanical properties of the fluids like buoyancy, surface tention, capillary action etc. have been explained 
with the help of daily like examples and their applications have been highlighted. 


8. Unit 2.1 : Elastic Properties of Solids Supportive Video Porgramme 
e Elastic behaviour and Нооке” law, stress strain curve 1. Elastic Behaviour of solids 
e Inter -molecular forces <b 
e Young's modulous, bulk modulous, modulous of rigidity 


and compressibility 


° Some applications of elastic behaviour of solids like 


cantilever, girder etc. 


9. Unit 2.2: Properties of Fluids Supportive Video Porgramme 
e Hydrostatic pressure and buoyancy 1. Hydrostatic Pressure 

e  Pascal's law and its applications. 2. Surface Tension 

e Forces of cohesion and adhesion 3. Viscosity and Berinoulli’s 

e Surface tension and surface energy Theorem 


e Angle of contact and capillary action 

e Application of surface tension, drops, bubbles and 
detergents 

e Types of liquid flow — laminar and turbulent, 
Reynold’s number, 

e  Viscosity and Stoke's law 

e Terminal velocity 

e  Beroulli's theorem (no derivation) and its applications 


Module 3 : Thermal Physics 


Approach : Behaviour of gases and the gas laws have been described with the help of kinetic theory of gases. 
The concept of temperature is to be explained by thermal equilibrium. Laws of thermodynamics and their applications 
in our day to day life are to be explained in this module. Working of heat engines and refrigerators will be explained. 
Different modes of transfer of heat and their applications in different situations are to be emphasized. The 
concept of thermal pollution and the issue of green house effect will also be dealt with in this module. 


10. Unit 1.1 kinetic Theory of Gases Supportive Video Programme 
e Kinetic Theory of gases 


Ў 1 = 
е Deduction of the relation PV = ;" с 


е Ideal gas equation of state 
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e КЕЕ. and temperature relationship 
* Degree of freedom and law of equipartition of energy 
e Specific heats of gases & ralationship between C, & C, 
11. Unit 3.2 Laws of Thermodynamics Supportive Video Programme 
e Thermal equilibrium — Zeroth law of thermo dynamics 1. Thermodynamic Processes 
and concept of temperature 
e Thermodynamic variables and thermodynamic 
equilibrium 2. Heat Engine and моне 
е Thermodynamic processes - isothermal, adiabatic, 
reversible, irreversible and cyclic process. 
e First law of thermodynamics — internal energy 
e Phase change, Phase diagram, latent heat and triple 
Point carnot’s cycle and its efficiency — second 
law of thermodynamics, heat engine and refrigerator 
e Limitations of Carnot’s engine 
12. Unit 3.3 : Heat Transfer and Solar Energy Supportive Video Programme 
e Modes of transfer of heat — conduction, convection 1. Transfer of Heat 
and radiation 
e  Newton's law of cooling. 
e Green house effect 
° Solar energy 
Module 4 : Oscilations and Waves 


Approach : Besides explaining the terms associated with periodic motion, the harmonic motion will be described 
with the help of common examples. A qualitative idea of forced oscillations,resonance and damped oscillations 


will also be given in the module. 


13. Unit 4.1: Simple Harmonic Motion Supportive Video Programme 
e Periodic motion — amplitude, period, frequency and 1. Simple Harmonic Motion 
phase 


* Reference circle and equation of simple harmonic 
motion 

e Examples of spring mass system and simple pendulum 

e  Forcedoscillations and resonance (no derivation) 


e Damped oscillations (no derivation) 
14. Unit 4.2: Wave Phenomena Supportive Video Programme 


* Formation and propagation of waves 1. Formation and Propagation of Waves 
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e Wavelenth, frequency, speed and their relationship, 
amplitude of wave and wave equation. 2. Sound Waves 
• Longitudinal and transverse waves 
Wave motion in a medium and formula for its speed 
e Reflection of waves from rigid boundary 
• Superposition of waves — interference of waves 
Standing waves and beats (only qualitative treatment 
with equations) 
Characteristics of musical sound (overtones and 


harmonics) 


e Threshold of hearing, intensity of sound and noise pollution 


• Doppler effect and its application. (qualitative only) 
* Electromagnetic waves and their properties 
e Em — waves spectra 


e Constancy of speed of light (non — evaluative in a box) 


Module 5 Electricity and Magnetism 


Approach : The basic concept of electrostatics and frictional electricity will be described in the module. The 
electric field and electric potential due to a point charge will be explained. Different types of capacitors, their 
compbinations and applications will be explained. The electric current and thermal and magnetic effects of current 
are explained in the module. Significance of maganetic effedct of current and electromagnetic induction has been 
emphasized. The generation and transmission of current power and the problems of low voltage and load shedding 
have been explained. 


15. Unit 5.1 : Electric Charge and Electric Field Supportive Video Programme 

. Frictional electricity — electric charges and their 1. Coublomb's Law or Frictional 
conservation Electricity 

e  Coulomb'slaw 

e Superposition principle 
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Electric field and field intensity due to a point 

charge (through diagram) 

Force on a charged particle in an electric field 

Electric field of a dipole in uniform electric field 

Electric flux and Gauss theorem in electrostatics 

(no derivation) 

Uses of Gauss’s theorem to determine electric field 

of a point charge, long wire, plane sheet. 

Unit 5.2 : Electric Potential and Capacitors Supportive Video Programme 
* Electric potential due to a point charge 


17. 
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* Electric potential at a point due to a dipole 
(axial and equatorial). 

* Electric Potential energy of a system of point charges 

* Relation between electric field and potential — equipotent 
surface, 

* Conductors and electric field inside a conductor 

e Electrostatic shielding 

* Capacitors and capacitance of a parallel plate capacitor. 

* Different type of capacitors and their applications 

* Capacitors in series and parallel combinations 

* Energy stored in a capacitor 

e Dielectrics and their polarization 

* Effects of dialectics on capacitance 

Unit 5.3 : Electric Current 

* Electric current in a conductor 

e Concept of drift velocity of electrons 

* Ohm's law, ohmic and non — ohmic resistances — 

* Colour coding of resistors. 

• Combination of resistances (series and parlalle) 

o Kirchoff’s laws and their application to electrical 
circuits | 

• Wheatstone bridge principle and its application 

* Electromotive force and potential difference 

• Potentiometer and its applications. 

o Heating effect of electric current – Joule’s law of 


heating 


Supportive Video Programme 
1. Ohm’s Law 
2. Heating Effect of Electric Current 


Unit 5.4 Magnectism and Magnetic Effect of Electric Current 


* Bar Magnet and its magnetc field 

* Magnetic effect of electric current 

* Bio – Savart's law and its application to find magnetic 

» field at the center of a coil carrying current (qualitative 
treatment) 


* Ampere's circuital law and its application in finding 
magnetic field of a wire, circular loop (at the center), and 
solenoid. 


Supportive Video Programme 
1. Magnetism 


e Force on a charged particle in a magnetic field; 
Lorentz force 

e Force on a current carrying wire in a uniform 
magnetic fiedd 

• Current loop as a Magnectic dipole and its magnetic 
moments 

• Torque on a current loop in magnetc field 

e Moving coil galvanometer and its conversion into 


ammeter and voltmeter 


• Earth's magnetic field 


materials — domain theory (qualitative) 


e Ferro magnetic 


19. Unit 5.5 : Electromagnetic Induction and Alternating Current 


• Feraday's law of electro — magnetic induction Supportive Audio/Video 

e Lenz's law Promgramme 

e Self and mutual inducton — choke coil 1. Generation and Transmission of 
e Alternating current and voltage illustrating with of Electric Current 


Phase diagram — peak and rms values 
© Circuits containing only R, L or C separately — 
phase relationship between | & V 
e LCR series combination (using phaser diagram only) 
and resonance 
Generators – AC and DC 


Transformers and their applications 


concepts of stabilizer and inverters ) 
Module 6 : Optics and Optical Instruments 


Approach : After giving a brief introduction of reflection of light, the basic concepts like refraction, total internal 
reflection, dispersion, scattering, of light will be described in the module. The wave properties of light like interference. 
diffraction and polarization are also to be described in a qualitative manner. Further applications of the properties 
of light have been described to construct various types of optical instruments. 


20. Unit 6.1 Reflection and Refraction of Light 


• Reflection of light from spherical mirrors, sign Supportive Video Programme 
convention and mirror formulae 1. Reflection of light 
* Refraction of light, Snell’s law of refraction 2. Refraction of light 


* Total Internal Reflection and its applications 
in fibre optics 
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Refraction through single curved surface and 
lenses 


e. Lens maker's formula and magnification 
e Power of a lens 
• Combination of lenses 


• Defects of vision and their correction 
(myopia and hypermetropia) 


21. Unit 6.2 : Dispersion and Seattering of light 


• Dispersion of light, angle of deviation 


• Rainbow and its formation 


aberration (qualitative only) 

• Scattering of light in atmosphere. 
22. Unit 6.3 : Wave Phenomena of light 

• Huygen’s wave theory and wave propagation. 

e Interference- Young's double slit experiment 

• Diffraction of light at a single slit (qualitative) 

 Polarization-Brewster's law and its application in daily life 
23. Unit 6.4 : Optical Instruments 

Simple and Compound microscopes and their 

magnifying power 
• Telescopes-reflecting and refracting 


• Resolving power and Rayleigh's criterion 


* Applications in astronomy 


Module 7 : Atoms and Nuclei 


Supportive Video Programme 
1, Rainbow 


Supportive Video Programme 


Supportive Video Programme 
1. Optical Instruments 


APPROACH: Different atomic models describing the structure of atom have been described and the limitations 
of these and their modifications have been systematically presented in the module. Nuclei and radio activity 
have been explained along with their applications. The peaceful uses of nuclear energy have been described 


highlighting the latest trends. 
24. Unit 7.1 : Structure of Atom 
• Alpha-Particle scattering and Rutherford's atomic model 
* Bohr’s model of hydrogen atom and energy levels 
* Hydrogen spectrum 
* Emission and absorption spectra 
25. Unit 7.2 : Dual nature of Radiation and Matter 
* Work function and emission of electrons 


* Photoelectric effect and its explanation 


Supportive Video Programme 


1. Atomic Structure 


Supportive Video Programme 
1. Photo electric Effect and its Applications 
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- e Photo electric tube and its applications 
Matter waves-Davisson and Germer experiment 
e Electron microscope (non evaluative box) 
26. Unit 7.3 : Nuclei and Radioactivity 
— о Atomic mass unit, mass number, size of nucleus Supportive Video Programme 
e Isotopes and isobars 1. Radioactivity and its Applications 
e Nuclear forces, mass-energy equivalence 
» Mass defect and binding-energy curve 
e Radioactivity-alpha, beta decay and gamma emission 
ə Half life and decay constant of nuclei 


° Applications of radioactivity 


27. Unit 7.4 : Nuclear Fission and Fusion 


e Nuclear reactions Supportive Video Programme 
e Nuclear fission and chain reaction 1. Nuclear Energy 
e Nuclear-fusion-energy in stars 


e Міѕиѕеѕ of nuclear energy-atom bomb and 
hydrogen bomb (non-evaluative in a box 


e Peaceful uses of Nuclear Energy (including latest trends) 


С Hazards of nuclear radiation and safety measures | 


Module 8 : Semiconductors and their Applications 


APPROACH: Semiconductors find a very significant place in almostall the electronic devices. Besides highlighting 
the basis of semiconductors, different types of semiconductor devices and their applications have been explained 
in the module. 


28. Unit 8.1 : Semiconductors and Semiconductor Devices 
e Intrinsic and extrinsic semiconductors Supportive Video Programme 
ə Pn-junction-its formation and properties 
* Biasirig of pn-junction diode 
° Characterstics of pn-junction diode 
• Types of diodes-zanier diode, LED, Photo diode and 
solar cell 
• Transistors-pnp and npn 
e Characteristic curves of a transistor 


29. Unit 8.9 : Applications of Semiconductor Devices 


e pn-junction diode as a rectifier Supportive Video Programme 
* Zener diode as a voltage regulator Semiconductor Devices and their 
* Transistor as an amplifier (common emitter) application 
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e Transistor as a switching device 
• Logic gates and their realization (OR, AND, NOT, 
NAND, NOR) 


OPTIONAL MODULES 


Optional Module-1 : Electronics and Communication 


APPROACH : In the present age of information and communication technology. it is essential for all to 
know the basic of electronics and communication technology. Working principles of different electronic 
devices used in daily life have been explained. Besides explaining communication systems, the communication 
techniques and media have been explained in the module. 


30. Unit 1 : Electronics in Daily Life 
e Power supply — SMPS, inverters, UPS Supportive Video Programme 
e Circuit Breaker - MCB 1. Electronics in Daily Life 
e Timer — digital clock 
e Processor - calculator 
e transducers and control system — Burglar alarm/fire alarm 

31. Unit 2 : Communication Systems 
e Communication system model — Supportive Video Programme 
* Components of communication systems like transmitter, 1, Communication systems 

receiver media of communication and antenna 

• Types of signals — analogue & digital 
• Electromagnetic waves іп communication 

32. Unit 3 : Communication Techniques and Devices 
• Sampling Supportive Video Programme 
e Modulation — Analogue AM and FM, digital (p) 1. Modulation and Demodulation 
• Demodulation 
* Role of tuner 
e Common communication devices-radio/TV /Fax/Modern etc. 

33. Unit 4 : Communication Media 
e Guided Media — transmission lines and optical fibre Supportive Video Programme 


* Unguided Media and antenae-ground wave Communication, Communication media 
sky wave communication, space wave communication and 
satellite communication. 


* Communication application to modern day communication 
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Optional Module — 2 : Photography and Audio-Videu-Graphy 


APPROACH : The basic principles of physics used in the field of photography and audio—videography have 
been described in different units of the module. Working principle of camera, types of camera, film exposing and 
processing have been explained the basic principles of audio and video recording both on tape and on compact disc 
have be described. 


30. Unit 1 : Photography — Camera 


e Camera — an introduction, parts of a camera, camera eye Supportive Video Programme 
(lens), shutters, special lenses. 1. Camera & its Working 


• Types of camera — their basic principle, constructions and 
working 


• Principle of video camera. 
• Choosing a camera, picture size. 


e Choice of lens — angle of view and resolving power, 
aperture and focusing system. 


31. Unit 2 : Film Exposing and Processing 
• Constituents of photographic films and types of films. Supportive Video Programme 
* Characteristics of film 1. Film Exposing and Processing 
• Film exposure, aperture and speed 
• Processing the film — developing, fixing and washing 
e Printing of the photo 

32. Unit 3 : Audio-Video Recording 
e Basic principle of recording Supportive Video Programme 
• Conversion of audio signal into electrical signals, 1. Audio-Video Recording 
Conversion of video signal into electrical signals. 
• Storage of audio—video signals on tapes. 
• Quality of recording, sound recording on cine films. 


• Tape characteristics, structure and composition, tape 
format, tape speeds, important tape parameters, 


* Presentation of tapes, storage techniques, precautions 
during handling and transportation. 


33. Unit 4 : Compact Disc for Audio-Video Recording 


e Limitations of traditional audio-video recording systems, Supportive Video Programme 


e Compact Disc ` 1. Compact Disc for Audio- Video 
e Need for compact disc, advantages of compact disc. Recording 
* CD for audio recording, 


* Basic principle of audio recordings, 


* Methods of CD ~ audio-recording, 
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CD for video-recording, 

• Basic principle for video recording 

e Methods of CD — video recording 

• General operating and installation precautions, 
e CD — players, operating principle, 

e Quality of reproduction. 


List of Practicals 


Section-A 


l. 


Measurement of physical quantities using single scales like metre scale, graduated cylinder, 
thermometer, spring balance, stopwatch, ammeter, voltmeter, 


2. Measurement of physical quantities using about scales like vernier callipers, screw gauge, barometer, 
travelling microscope etc. 

3. . Plotting and interpreting graphs of physical quantities like (i) L-T, L-T? for a simple pendulum, (ii) 
load-extension for spring balance, (iii) 0-t for a cooling body, (iv) I-V Characteristics for a resistor, 
(у) i-8 relation for a glass prism. 

Section-B 

1. Study the variation of time period (T) of a simple pendulum with lengths (L). Plot the L-T? graph and 
use it to determine (a) the length of a second’s pendulum, (b) the value of acceleration due to gravity. 

2. Determine the weight of a given body using parallelogram law of forces. Also, calculate, the mass of 
the body. 

3. Draw the cooling curve of a body and calculate the rate of cooling at three different points of the 
curve. 

4. Determine the specific heat capacity ofa liquid using the method of mixtures. 

5. Study the extension ofa spring under different loads and calculate its spring constant (static method). 

6. Determine the spring constant of a spring by dynamic method. 

7.  . Study the rate of flow of a liquid as a function of pressure head using a burette. 

8. Study the fall of a spherical body in various liquids of different viscosities. Determine the terminal 
velocity of the body in a viscous liquid and determine the coefficient of viscosity of that liquid. 

Section-C 

E Study the formation of stationary waves in (a) stretched strings and (b) air columns. Determine the 
frequency of the tuning fork and comment on the result. 

2. Investigate formation of images with mirrors and lenses. Determine the focal length of (a) convex 
lens, and (b) concave mirror. 5 

3: Determine the internal resistance of a cell using a potentiometer. 

4. Determine the resistance of a moving coil galvanometer by half deflection method. Convert the 
galvanometer into a voltmeter of suitable range and verify it. 

5. Determine the resistivity of the material ofa given wire using a metre bridge. 


—————————— = 


6. Study the I-V characteristics of (а) а resistor, and (b) a P-n juncton. 


th Study the characteristics of an npn transistor in common emitter configuration. Determine current and 
voltage gains. 

Home Activities (Suggestive) 

1. Determine the refractive index of a transparent liquid using cancave mirror and single pin. 

2: Draw a graph between the angle of incidence and the angle of deviation for a glass prism. Determine the 
refractive index of the glass using the graph. 

3. Study the relationship between the angle of rotation ofa plane mirror and the change in angle of reflection. 

4. Draw magnetic filed line due to a bar magnet keeping (i) North pole pointing north, and (ii) North pole 


pointirig south. Locate the neutral points. 
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(312) 
Assignment - I 
yeas TA - І 
(Lessons 1-12) 
(ure 19 12 9%) 
Max. Marks: 25 
Ha sh : 25 


Note: (i) All questions are compulsory. Each question carries equal marks. 


feeit: watt usd or sax aa aad Èl were weg Ф si WA E | 


1: 


№ 


(ii) Write your name, enrolment number, AI name and subject etc. on the top of 
the first page of the answer sheet. 
sw Дт wem ges ЧҮ GAN 99 A nem ята, amps, STAT Фя 
ar ara, {ача enfa ere те Я. fere | 
Answer any two of the following questions in about 60-80 words each. 
т=н d à Rd ай Ф sae ARI vet www 60-80 redi i Gr MRN | 
(a) Assuming that the frequency of vibration, f, of a wire/string depends on the length 
I, tension T and mass per unit length т, establish a formula for f in terms of /, Т 
and m. 


ax ome fb qm mW Ф чач A эпа f иф qm A eren 1, чта Tod 
ax 9 fa garg cra Ф erum т R PPR wed 8, чч A anger fF fere 
LT 3 т ® «d 3 xa чепа AR | 

(b) Aplayer throws a ball upwards with initial speed of 29.4 ms". What are the velocity 


and acceleration of the ball at the highest point of its motion? To what height does 
the ball rise and after how much time does the ball return to the player's hands? 


тв far чө йе Bt Ua Te 29.4 ms À SR di qus фат Bl їч Ф 
qw Ф чати fg че йа d їп я тч ет этч fer ч? Ae Ph Gare 
ew гей ё зо ваа waa d are їч fred Ф жой arre ап эте è? 


(c) Two cars A and B are moving in two concentric circular paths at their maximum 
permissible speeds. If the speed of the car A is more than the speed of car B, then 
which of them is moving in the inner circular path? Justify your answer. 
Фада ва мифе чагат чой R Hea Aa c E 
ла ята BR В ara зо À at яй d йч d e эгеч set qure 
qa чу яа х9 8? 

Answer any two of the following questions in about 60-80 words each. 

аурат а à чй at Ф sw den, хїч we 60-80 eal Я ets ET | 

(a). Two objects of masses 6 kg and 2 kg are connected by a light cord passing over a 

frictionless fixed pulley. Calculate (i) the acceleration of the system, (ii) tension 


in the cord. 
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6ked 2kg SAM d dp AGE ЧФ Е) Caf END 09—99 9 YS! gi 8 sik 
тый va wdu хва fem чей Ф wux À JOR wal B] Sa WHA ФТ сл fT 
è чеп wet d «чта feat 8? 


(b) You can easily move a brick lying on a floor by gently pushing it by your foot. But 
you hurt your foot when you try to kick the brick. Explain why? 
far еа wef чу чай de wi amu Чч S MR dp чФа x emendo À fene 


wad B, fep ufa эпч oe Grex ARN dp amu x d ure enr wmv wur aui 
Bar E, eme em | 


(c) A shell at rest explodes into three fragments of equal masses. If two of them fly 
off at right angles to one another, each with a speed of 1 ms", calculate the speed 
of the third fragment. 
we füew vier ё dex www полита Ф ч cast 4 Че тат Bi ufa 
sud 9 gP We qu ddp GAG ата BY Web 1 ms! ета а R Web ӘТ 
Š, dr dee cas 9 ати 91 TUTTI РТС | 


3. A block, as shown in the figure below, is released from rest at position A. To what 
' height h, will it rise before momentarily coming to rest at position B, if 


(i) both the planes are frictionless, and (ii) the planes have coefficient of friciton 
1, = 0.15? 

ar fea 4 fern rar ate #Әхтатаҹәл 4 fag AS Bret этеп 8| farg В чч агт HR 

Ф fem faerraen й эта À vec ue «їе (т Gag (hy) тә eme, ufa 

() AÑ ca uty іва ei, dem 

(i) AA чаї т efor farai ц = 0.15 À 


OR (serat) 


А cylindrical tank has water filled іп it upto a height of 4.00 m. If a small hole is made 
in the wall of the tank near its bottom, calculate the speed of efflux of water. Take value 
of g = 9.8 ms?. Will the speed of efflux change if the hole is made 1.00 m above the 
bottom of the tank? 

wa ааят ё À 4.00 ех Sars gH oN эт gon ё | ae saat dam і 9 Ф 
чта ve Brel a Be wx fem это À Gad Pao ae oe Ф aera oou ат foal 
ЕПП? g=9.8 ms? 8| ae draw й Da 9 Ф wa Hex Gwe fa omg a MT ЧЇ È 
aga Ф ап а alg Rada SUD? 


4. Three gas molecules chosen at random are found to have speeds 500 ms", 1000 ms” 
and 1500 ms' respectively. Calcualte the ratio of their root mean square speed and 
average speed. 


Physics 364 


agen wu 8 ai 1 чїч Ўн зії 9 cures HA: 500 ms", 1000 ms” Ч?П 1500 
ms! 8| sab 9 Area чет 97 wem shea 7 GI aqua sta ӘР | 


OR (axan) 
A cylinder fitted with a movable piston contains 1 mole of oxygen at a temperature of 
27° C. The gas is now heated to a temperature of 127°C, keeping its pressure at 1 atm. 
(i) Draw a P-V diagram representing the process. 
(i) How much work is done by the gas in this process? 
- (iii) What is that on which this work is done? 
(iv) What is the change in the internal energy of the gas? 
(v) How much heat was supplied to the gas? 


че err й 27 Cw 1 а amator Їн 8| der À va wv «ёа еч 8, wi 9 
di 1 atm ga qum wer 81 ta Ф 127 Cay we тя far wr 8, À 


(i) su иат wr «wd gu we Р-У Um 91991 
(ii) su fur й eu arr farm ard fear хатат 8? 
(ii) fave wx we Ф fur wer è? 

Gv) re A заа we À fere чая Bh è? 
(v) ta mp Ва wem wem 9 этїї 8? 


Take two different types of metallic springs. One by one fix one end of the spring with 
a rigid support on a wall and place a metre scale along its side. Place a load of 100 g at 
the free end. Note down extension of the spring on the metre scale. Now increase the 
load to 200 g and again note down the extension. Repeat this process for 5 different 
loads and record your observations. Plot graphs between load and extension for each 
spring. Compare and interpret the graphs. Verify the Hooke's law for both the springs. 
эгеп-згап axe Ф ey ытЁчө fbr dime] 09—09 wd og fi Ф gad vo RR 
à dan й яі fadi qu sere Ф wer Teorey dem Әм wx fuer Ф we {Ф 
sex rar з ogy | 319 veo йїп qu RC 100 g PR AEREN | #99 ТӨП 
di crai а gd 98 9) йе Ўнта чє нї | эя fim 200 g 91 AN rece 9ЙХ 
qq: fein d rang À gd fh fuv ei en а 5 afa чт fom quum 
Чеп wad теп BE Sra À REESE R È g ETT I 
gare Poin Ф ferm а emend À ge Ф {тя ume if qi ure ЯЙ germ SIS 
Чеп этеп RAE 9 fur Ф fre gw Ф fum ат wea Wd 
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(312) 
Assignment - П 
yeas TA - П 
(Lessons 13-23) 


(ure 13 à 23 9%) 
Max. Marks: 25 


Фа se : 25 


Note: (i) All questions are compulsory. Each question carries equal marks. 
чюй: ҸҸ vedi oT еч Әә auum È oh wed Ф эф WAM 81 
(ii) Write your name, enrolment number, AI name and subject etc. on the top of 
the first page of the answer sheet. 
SAR Чбчет Ф зын YS ux GOR A SA эт AA, IJPP, ST 
dew a am, {ача onfe ere wedi 3 foray 


1. Answer any two of the following questions. 
Рта ий a 9 а at wedi Ф wu ӘРІ 
(a) State and prove Gauss’ law in electrostatics. Use this law to derive Coulomb's law. 
есд 4 arse or Rrra шү sl гй frg ANR | supr SIT ФФ 
wei" Ф fep or egere wm | 


(b) Along wire has a semi-circular loop of radius a and carries a current i. Find the 
magnetic field at the centre O of the loop. 
ve d TR À a ron anmi-qumew wu ® | ae d pump яавч а хе! È | 
чч Фф oa О Я dana aa oA Ud em 


INI 


ч pus N i | 
/ 1 | 


/ Ө) вал fuor 


(c) Anair-cored solenoid 30 cm long and 2.5 cm in diameter contains 1500 closely 
wound turns. Calculate the self inductance of the solenoid. (1,747 х 107? Hm") 


fort ата бза «чта a crag 30 ст al m 2.5 cm чөп нй wu 
аума 1500 Ф ži Чт Ф этет хаха wr чїїнтї Че AN d 


(цу=4п х 107 Hm?) 
2. Answer any two of ће following questions 
Prafakad ual À A еї at Ф www feu | 
(a) A transverse harmonic wave on a string is given by 
y (x, £) = 4.0 sin (48 t + 0.016 x) 
Find (i) amplitide of particle velocity, and (ii) wave velocity 
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[n] 


В SRY Я 


SPRY amadi тп A аа А @ТП Aa (ФП TA @— 


y (x, t) = 4.0 sin (48 ( + 0.016 x) 


(i) 9 чуп 
(ii) qv ач 


d fem Фї Ф ал I SU, 
sma ARRI 


(b) · For the circuit shown below, calculate power dissipation in each of the three 


resistors. 


Arey тет are aua 3 die ufi а reds À afer eer erem AR | 


60 
10 


3Q 
жие 


6V 


(c) State and explain Brewster's law. Mention some applications of this law in daily 


life. 


ўе ап Pra (ийт alic sett этеп. Ary | frs silos eur Рая Ф Be 
sui a wee ФИ | 
A 4.0 pF air capacitor is charged to a potential difference of 16.0 V by connecting it to 


a battery. The battery is kept connected and a slab of dielectric constant k — 8is made to 
fill the space between the capacitor plates. Calculate the energy stored in the capacitor 


in each case. 


vs ary бый, ford eer 40 ҺЕ, 9 vs det @ eet 160 V fors 
ac adf fru 81 ded 9 эрй vei Зах dua Ф 9 Ф ч ® earch 
veya uw k- eater 9 че uod ча 4 und Bp 99 Майї а ыйа À 
daa wat ат Чач ФИ | 


In a closed circui 


Or (axal) 


t of resistance 10 О, the flux (in weber) varies with / (in seconds) 


according to the equation ф= 68 - 5 1+1. What is the magnitude of induced current at 


1= 0.15 s? 


co Ча uuu, Rear ябтён 10.0%, À afar (Wh A) er 108) d «тч fer 


wütexer ф= 62 - 
чїўнгї qur erm? 


5041 % argu ear ®1 эта SHE fs r= 0.15 s R ARA ата aT 


A series LCR circuit with R = 50Q, L = 30 mH and C = 40 pF is driven by an ac source 
of emf e = 80 sin (15000) volt. Determine 


(a) the reactances 


of the capacitor and the inductor and the impedance of the circuit. 


(b) the current amplitude. 


(c) resonant frequency of the circuit 
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R=50Q, L=30 mH dil C=40 pF 34d ig rfi ZCR ORGY үф weuradi aR wa 
ERI ача 81 xw Wa a еа 918% Ft == 80 sin (15000) aree È| uta «fore 


(a) tena зй Se Фф wires der чча =} їй 
(b) SINT aA 


(c) ччы BH эга эта 
: Or (axa) 
An electric dipole when held at 30° with respect to a uniform electric field of strength 


3 x 10* NC? experiences a torque of 27 x 10% N-m. Calculate the dipole moment of 
the dipole. 


alg fap їй 3 x 10! NC" Ram Ф vereri fae aa Я 30° Ф ep wx WA wm 
W 27 x 10% N-m GRAM Ф ei эту «т aqua чат 81 faya Ф faga этой wi 
Чата afer | 


Collect details about refracting and reflecting telescopes and find out which, as on 
date, is (i) the largest refracting telescope, and (ii) the largest reflecting astronomical 
telescope of the world. 

The reflecting telescope made by Newton, called Newtonian reflector, is of Cassegrain 
type in which one mirror (objective) is concave and the other convex. There is another 
kind of reflecting telescope, called Gregorian type, in which both the mirrors are concave. 
Make a ray diagram of such a telescope. 

You may also have seen a binocular which is mainly used for the purpose of bird 
watching. However, you may also have seen people using it for viewing flying aeroplanes 
on the occasion of Republic Day. Find out how a binocular is different from an 
astronomical telescope. 


qgRa тй 


эшай a чата! чуй Ф am À тат реет frg «әп чет eeu f gu 
wag (9х9 1 (i) was er ича! qwe, (ii) was wer чча хаа. ахай FA 
wr 8I 


"yer an fia чча сіе, fond wet чаб wed ё, dda vor ws? 
Кай we air Giger) saga әп qur saa B] Ve ага ие a aad 
зуе of 8, ford 9 ае wed S gai Sai Spade зата 81 ga quee 
т хот are Wan 


этчї farsa (атата) fr aem erm тнт saa Fea єч À ЧЭЙ ar Рета Ф 
fery fora wien è | fq ania fae d are чч най war À ara wp sea gard 
wera Фт sacra aed ЭЙ этчї Sar erm) чет еттүү fe атұацач «еа 
quede À Вен won fac 8 
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(312) 
Assignment - ПП 
eic T3 - Ш 
(Lessons 24-31) 
(ure 24 3 31 9) 
Max. Marks: 25 
Bal aie : 25 


(i) All questions are compulsory. Each question carries equal marks. 


mÅ ed www ca afta 8) wes ued Ф эф чия 81 


(ii) Write your name, enrolment number, AI name and subject etc. on the top of 


the first page of the answer sheet. 
MUN ЧЇ ФТ Ф пуа YS ЧҮ SOY 91 She ЭЧЕП TA, AJPAS, STUNT 
ww т a, {ҹа эй ere тей 3b fear) 


Answer any two of the following questions in about 60-80 words. 
Рта weal À A ФЕ at www ӘЧ | ware Tax 60-80 9789 3 ert afer 


(a) 


(b) 


(c) 


Consider motion of the single electron of the hydrogen atom in the n^ orbit around 
the nucleus. Using Bohr's postulate show that the length of the circular orbit (i.e. 
circumference) is equal to the de-Broglie wavelength associated with the orbital 


electron. 


ERSA WRAY a ndi wer Я we zer fo Ф 39—18 YH 9791: ФӘ 
3j gy wer Ё | dex 9 ARTA or war wc ЕЧ «uu fh Sa qmm Hai 
A ЧК sería oH umet «тён! Ф que sr 

13.6 
The total energy of the single electron in hydrogen atom is given by Ё, = — ue eV. 
Select an appropriate scale to draw first five energy levels (n ranging between 1 
and 5) and show emission of all possible spectral lines. 


segoa чча 4 we зот аЛ Goll Fer alot ЕТП WD элте 8 


E s- PS eV 
n 

qe бча dar зт най аха gw wed а (ufa n= 18 5) Gat ў 91 
аата don wit зена Wag Rast wl «usu | 

Using Bohr's postulates, obtain a relation between r, the radius of n^ orbit of the 
H-atom, and n. From this relation we get the radius of the orbital path of electron 
of H-atom in ground state (п = 1) to be r,= 0.53 A®. Calculate the radii of next two 
orbits in terms of r,. 


are а AAR wr wur Bea gw, nd Feo ser H Prom ak n а 
daa эта «сі ga ae À ЕЙ ўдач Ф Ран ER (n= 1) Ф few oT 
r,- 0.53 Аа ÈI эгтей аатай a Peur d чаї Я Бөгү! 
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2. Answer any two of the following questions in about 60-80 words. 
Prafead sedi À A fandi ats cae гү | ней ST 60-80 eel Ñ AT MRT | 


(a 


® 


(с) 


3. (a) 


(b) 


(c) 


Define unified atomic mass unit, u. (i) Express mass of an electron, zz, in terms of 
u given that m, — 9.1 x 10?! kg. (ii) Mass of a neutron is m, = 1.008665 u. Express 
itin kg. | 

Weg TAY warm (и) A GRIT A (i) Ve SHIM ФТ AAA (т), 
чаара WRAY, warm È wb төгү! feat È m, =9.1 х 10?' kg. 

Gi) IRA ФТ RAAT m, = 1.008665 uè | FAS SAA PI Чач fect Ñ 
Sm | ; 


Some nuclei such as * He, 2С, !«О have relatively higher B.E./nucleon. Keeping 


in mind their high B.E./nucleon, plot the variation of B.E./nucleon with mass 
number A for A < 20. 


тю RÄ SN He, С, YO A «us wu яй fae sme und Ф э 
were Ф зб &1 ұн ята #1 tnr vend gu du ww ий =Дїстөйч «л 
warm vivum (A <20) Ф ma Rada ФТ ve ume 912 | 

Half life of a certain radioactive nuclei is 20 days. What 96 of it will decay in 

(i) 20 days? 

(ii) 40 days? 

(iii) 10 days? 

че Mechel aes a amem 20 Вч B| ga я т fear ибаа an 8l 
VIRI | 

(i) 20 fet 3? 

(i) 40 feat 3? 

(iii) 10 feat 3i? 

How is the working of a transistor as a switch different from its working as an 
amplifier? 

we Raa Ф wo ў gifenex d ord чаб fa vor wa orale a атча 
a AA ÈI 


With the help of a labelled circuit diagram, explain the working of a full-wave 
rectifier. 


va mafya Raa ma ата pi-i {ает Ф eni P 91591 


In the circuit diagram of transistor as a switch shown here identify whether the 
transistor used is a PNP transistor or an NPN transistor. Give justification for your 


answer. 
а frg ae чйчө ante й ve gif fea d ave тй Ge ver È arag fo 
zifmex PNP è ur NPN? IÀ we Ф fem wafer PRI 997991 
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(a) 


(b) 


(c) 


OR (этат) 


For the same input ac rms ns voltage, how ф the output voltages of a half-wave 
rectifer and a full-wave rectifier compare? 


ч VAM иста deca Ф а тетя WU (rms) Ф Ё pi-i faseamnt six 
aan fant Ф Fria decal at qe uem 
Figure shows two ideal diodes D, and D,. | 


(i) When the key К is closed, how much 'urrent will be drawn from the 6 V 
battery? 


(ii) Which of the two diodes must be reversd so that the current drawn from the 
battery is 0.06 ampere? | 


та х то чу emu d drame Pe Ds D ÉD 

OFA Ка їч TA R бу 9 Aen @ feda затва #9? 
отот 
эгїї? 


With the help of a labelled circuit diagram, expin the working of a Zener diode 


as a voltage regulator. j 
—— ma ата Say этїї й ea iae Ф wi À 


PÁRA 919759 | 
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[A] Optional Module I: Electronics and Communication System 

(a) What do the abbreviations UPS and MCB stand for? What is the role of each of 
them. Q 

(b) With the help of a neat labelled diagram explain the working of an optical fibre. 


[А] аач Зец 1: ЗӘР wd qx dum enfer 
(а) мча UPS dem MCB wi ЧЇ wu КЇЎ: | 9ч wr qur Ф 8? 
(b) wo агай fra ane эй wee A red fafür or TEN I 


OR (axan) 


(a) What does LCD stand for? How does it function? 


(b) Whatis the necessity of modulation of signals for the purpose of their transmission 
from one place to another place. Give any two reasons. What do you understand 


_ by AM and FM? 
(a) LCD wi qui єч ferd| ae ФӘ wd Фп 8? 


(b) qw were d qut епт тө ET wemer Ф fex иет d әле À È 


arg dp wmv 991901 АМ Sw FM À этч wur wasnt ©? 

[B] Optional Module II: Photography and Audio Videograpy 

(a) Distinguish between a 'Normal lens' and a 'Wide angle lens' of a camera. 

(b) Explain the construction and working ofa magnetic tape used for audio recording. 

[B] ача siege П: renum vd ARA-ARA 

(a) Peet det Ф ART Ser чеп "уед Фа ч" 4 эгет er THAT | 

(b) ар Rari wet Ф Ете van 9а ата чаа ёч A ert vd таче P 
WAAN | 

Or (axa) 

(a) List any four factors which affect the duration of exposure of the camera film 
while taking a photograph. 

(b) With the help of a neat labelled diagram explain the construction of a Compact 
Disc (CD) and highlight any two of its features. 

(a) aig ae PRE чатах À лезе SA чча Se GT 9) узда TA È 


(b) сер тїзї Prat ERT idae буер (CD) A Өч нп ae #999 fadi 
A ama ar Wee CSI | 


Project Work 


(a) Talk to a professional pho tographer in your area who is now using a digital camera 
for commercial purpose. Talk to him to find out how technology has affected him 
commercially. With his help, list the features of a digital camera which are not 
available with the conventional cameras employing a film roll. 


(b) Visita camera dealer in your town/ city and collect pamphlets/brochures containing 
information about various models of cameras of a particular brand (such as Canon, 
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Nikon, Pentax, Sony etc.). Compare salient features of these cameras with the 
price range of each model. 

RA ari 

(a) em этапи Ф fet arate Фетх, wi бея Ф or Wr Фат È, 
A ча Ф ye чеп orgy fb 9 yor as deve А wwe тата ФІ wand 
foo 8| saat чета À RNa Sa Ф зч элей ФТ UT «тл ү wi UT 
dmi (Фея Ч ата) À Fel B1 

(b) эгїї этет Ф Hae Ser xp vw fase #5 (Фчч, fom, Чеч, dr zen) Ф 
Aha tise Ф Фи qmd oat vef wx Gaol per fasst wl 
we Feat Ф эш germ аР | 


IUE 
—— — M РБЕ "u—— СӨШъ- — A == Ms НЬ. 
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No Enclosures allowed 


FUNDAMENTAL DUTIES 
Part IVA (Article 51 A) 


It shall be the duty of every citizen of India- 


(a) to abide by the Constitution and respect its ideals and institutions, the National Flag the 
National Anthem; 


(b) to cherish and follow the noble ideals which inspired our national struggle for freedom; 
(c) to uphold and protect the sovereignty, unity and integrity of India; 
(d) to defend the country and render national service when called upon to do so; 


(е) to promote harmony and the spirit of common brotherhood amongst all the people of 
India transcending religious, linguistic and regional or sectional diversities; to renounce 
practices derogatory to the dignity of women; 


_ (0 __to value and preserve the rich heritage of our composite culture; 


(g) to protect and iiiprove the fiatural environment incl uding forest, lake, rivers and wild life, 
and to have compassion for living creatures; 


(h) to develop the scientific temper, humanism and the spirit of inquiry and reform; 
(i) to safeguard public property and to abjure violence; 


(j) to strive towards excellence in all spheres of individual and collective activity so that 
nation constantly rises to higher levels of endeavour and achievement. 


A brief Guide to NIOS web site 


The success of open learning and distance education very much depends upon the harnessing 
of the new and latest technology. The emerging Internet and Web technology help in effective 
dissemination of knowledge breaking all geographical boundaries. The web-site is a dynamic 
source of latest information and is also electronic information guide. The contents in the NIOS 
web site are open to all. 


The learners can have an access to NIOS web-site at the following address: 


http/www.nos.org & nios.ac.in 


Clicking the site address will bring the user to NIOS home page that will further guide them to 
visit different information-pages of NIOS. NIOS is also developing a school network through 
lntertet-known as Indian Open Schooling Network (IOSN). The network will provide a 
common communication platform for learners and educators. NIOS is offering Certificate in 
Computer Applications (CCA) through selected AVI. This course is also offered through 
Internet on NIOS Web-Site. 
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